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Abstract	
Aspects	of	the	taphonomy	of	the	Cambrian	Explosion	in	North	Greenland		
Katie	Margaret	Strang	
Doctor	of	Philosophy		
Department	of	Earth	Sciences	
Durham	University		This	 thesis	 describes	 and	 elucidates	 the	 taphonomic	 pathways	 responsible	 for	the	exceptional	preservation	of	some	of	the	most	common	elements	of	the	Sirius	Passet	Lagerstätte	 (early	Cambrian),	North	Greenland.	 Investigative	 techniques	including	 cathodoluminescence,	 are	 tested	 first	 on	 silicified	molluscs	 from	 the	Oligocene	of	Antigua,	associated	with	a	volcanic	source;	described	in	chapter	2.	By	 describing	 the	 depositional	 environment	 of	 the	 Sirius	 Passet	 biota	 in	 detail	and	 using	 a	 combination	 of	 analytical	 techniques	 such	 as	 SEM,	 EDAX,	 SEM-CL	and	 elemental	 mapping	 two	 published	 papers	 address	 a	 number	 of	 the	 key	research	questions	 surrounding	 the	unique	 taphonomic	pathways	 in	 the	 Sirius	Passet	 biota	 and	 their	 broader	 significance	 in	 understanding	 Cambrian	ecosystems.	 	 The	papers	 are	 included	 in	 the	 form	of	 chapters	 3	 and	4	 and	 the	published	versions	included	in	the	appendices.	A	unique,	mat-dominated,	tissue	specific	taphonomic	pathway	is	proposed,	more	akin	to	the	Proterozoic	than	the	typical	Burgess	Shale	Type	(BST)	preservation	seen	elsewhere	in	the	Cambrian.	This	together	with	mouldic	preservation	indicates	a	range	of	taphonomic	styles	concomitant	 with	 the	 range	 of	 new	 biotas	 at	 the	 dawn	 of	 the	 Cambrian	Explosion.			
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1.1	The	Cambrian	Explosion	
	The	 Cambrian	 Explosion	 represents	 a	 significant	 and	 important	 interval	 in	Earth’s	 History.	 It	 marks	 an	 increase	 in	 the	 diversification	 of	 complex	 animal	body	plans	and	the	expansion	of	marine	ecosystems.		This	expansion	of	the	roots	of	 the	 animal	 phylogenetic	 tree	 and	 rapid	 development	 of	 morphological	complexity	was	 one	 of	 the	most	 significant	 evens	 in	 the	 geological	 record	 and	coincided	with	a	variety	of	biotic	and	abiotic	global	changes	(Briggs	et	al.,	1992;	Erwin,	 2007;	 Schiffbauer	 et	 al.,	 2016).	 The	 fossil	 record	 is	 strongly	 biased	towards	 the	 preservation	 of	 organisms	 that	 possessed	 shelly	 (biomineralised)	skeletons;	 with	 exceptional	 preservation	 of	 soft-bodied	 organisms	 being	relatively	 rare	 in	 comparison.	 The	 fossil	 record	 of	 the	 Cambrian	 is	 in	 stark	contrast	 with	 that	 of	 the	 Precambrian	world,	 where,	 in	 comparison,	 the	 fossil	record	is	somewhat	devoid	of	animal	fossils	(Marshall,	2006).		
The	Ediacaran-Cambrian	boundary	
	The	Ediacaran-Cambrian	boundary	Global	Standard	Stratotype	Section	and	Point	(GSSP)	 has	 been	 established	 at	 the	 base	 of	 the	 Treptichnus	 pedum	 Zone	 at	Fortune	 Head,	 Newfoundland	 (Narbonne	 et	 al.,	 1987;	 Brasier	 et	 al.,	 1994;	Landing,	1994)	but	more	recent	work	has	moved	the	base	of	the	zone	to	slightly	below	the	GSSP	(Gehling	et	al.,	2001;	Buatois	et	al.,	2013)	dating	the	beginning	of	the	 Cambrian	 at	 around	 541	 million	 years	 ago	 (MA)	 in	 the	 now	 exposed	Fortunian	Stage	of	the	Terreneuvian	Series,	541	–	530	MA	(Landing,	1994;	Erwin	et	 al.,	 2011).	 The	 appearance	 of	 ichnospecies	 T.	 pedum	 represents	 the	“agronomic	 revolution”	 or	 Cambrian	 Substrate	 revolution	 (Bottjer	 et	 al.,	 2000;	Narbonne,	2005;	Bottjer,	2010)	where	we	see	a	switch	 from	the	Ediacaran	age	trace	fossils	which	are	horizontal,	simple	and	exhibit	feeding	strategies	related	to	exploitation	 of	 microbial	 “matgrounds”	 to	 those	 in	 the	 Early	 Cambrian	 which	show	a	an	 increase	 in	diversity	with	 the	onset	of	 vertical	bioturbation	and	 the	disappearance	 of	 a	 “matground”	 ecology	 (Seilacher	 et	 al.,	 2005).	 	 Thus,	 the	Cambrian	 expansion	 of	 infaunal	 bioturbation	 was	 one	 of	 the	 most	 profound	changes	of	environment	caused	by	organisms	in	the	history	of	life	on	Earth	and	
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subsequently	 this	 ichnological	diversification	 is	used	 to	help	define	 the	base	of	the	 Phanerozoic	 (Geyer	 and	 Landing,	 2016;	 Mcilroy	 and	 Brasier,	 2016;	Herringshaw	et	al.,	2017).		
The	Ediacaran	biota	marks	the	first	appearance	of	large,	architecturally	complex	organisms	in	Earth’s	history	(Narbonne,	2005;	Laflamme	et	al.,	2013;	Boag	et	al.,	2016),	 consisting	 of	 various	 metazoan	 stem	 lineages	 in	 addition	 to	 extinct	eukaryotic	 clades	 (Laflamme	 et	 al.,	 2013).	 Although	 the	 very	 earliest	 skeletal	fossils	occur	in	the	late	Precambrian,	it	is	not	until	the	Early	Cambrian	that	most	elements	associated	with	bilaterian	animals	such	as	plates,	spines	and	shells	are	found	 (Erwin	 et	 al.,	 2011).	 They	 reveal	 sizeable	 variations	 in	morphology	 and	phylogeny	and	are	collectively	referred	to	as	small	shelly	fauna	(SFF).		
The	early	history	of	the	Metazoa	The	 early	 history	 of	 the	 Metazoa	 remains	 controversial	 as	 to	 whether	 it	originated	 as	 part	 of	 a	 “Cambrian	 Explosion”	 or	 as	 the	 result	 of	 an	 extended	“phylogenetic	 fuse”.	 	 The	 earliest	 palaeontological	 evidence	 for	 metazoans	appears	 in	 rocks	 of	 Vendian	 age	 (Valentine	 et	 al.,	 1999).	 These	 are	 simple,	slightly	 curved	 meandering	 furrows,	 which	 suggest	 the	 presence	 of	 bilaterian	worms.	 These	 traces	 become	 more	 diverse	 and	 complex	 later	 in	 the	Neoproterozoic	 (Crimes,	 1992;	 Valentine	 et	 al.,	 1999).	 As	 you	 reach	 the	Ediacaran	 –	 Cambrian	 boundary,	 the	 Ediacara	 biota	 disappear	 from	 the	 fossil	record	 and	 are	 replaced	 by	more	 familiar	 Cambrian	 and	 Palaeozoic	metazoan	groups.	 Although	 metazoans	 are	 present	 in	 the	 Ediacaran,	 their	 ecological	contribution	 is	 dwarfed	 by	 Ediacaran-type	 clades	 of	 uncertain	 phylogenetic	affinities,	 and	 these	 Ediacaran	 type	morphologies	 are	 non-existent	 in	 younger	rocks	(Laflamme	et	al.,	2013).	There	is	a	high	degree	of	variability	in	the	overall	morphology	of	Ediacaran	biota,	indicating	that	these	organisms	likely	represent	an	 assortment	 of	 clades,	 including	 extinct	 lineages	 as	well	 as	 potentially	 stem-	and	crown-group	animals	(Laflamme	et	al.,	2013).		
Molecular	 evidence	 has	 also	 been	 used	 to	 predict	 the	 origins	 of	 the	metazoan	crown-groups	 using	 housekeeping	 genes,	 which	 consistently	 indicate	 that	Metazoa	 originated	 somewhere	 between	 850	 and	 650 Ma	 in	 the	 Tonian	 or	
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Cryogenian	 intervals,	 before	 diversifying	 through	 the	 Cryogenian	 and	 the	Ediacaran	 (Peterson	 and	 Butterfield,	 2005;	 Erwin	 et	 al.,	 2011;	 dos	 Reis	 et	 al.,	2015).	However,	 the	 appearance	 of	 extant	 phyla	 and	 classes	 occurs	within	 the	Cambrian.	 It	 is	 suggested	 that	 this	 evidence	 can	 distinguish	 two	 inter-related	events.	 Therefore	 the	 origin	 of	 high	 level	 crown-groups,	 as	 suggested	 by	molecular	 evidence,	 it	 temporally	 distant	 from	 the	 increase	 in	 diversity	 and	expanding	 food	 webs	 which	 we	 see	 in	 the	 fossil	 record,	 i.e.	 the	 Cambrian	Explosion	 sensu	 stricto	 (Valentine	 et	 al.,	 1999;	 Smith	 and	 Harper,	 2013).	 The	oldest	 fossil	 evidence	 of	 a	 lineage	 will	 typically	 reflect	 the	 time	 at	 which	 a	population	 of	 organisms	 possessing	 a	 diagnostic	 set	 of	 characters	 has	 become	geographically	widespread	and	ecologically	 stable	enough	 for	 individuals	 to	be	preserved	through	taphonomic	processes	and	appear	in	the	geological	record	as	fossils	 (Cunningham	et	al.,	 2017).	On	 the	other	hand,	dates	given	by	molecular	clock	 studies	 represent	 the	 time	when	 the	 lineage	 became	 genetically	 isolated	and	are	 therefore	 inevitably	earlier	 (Benton	and	Donoghue,	2007;	Cunningham	et	al.,	2017).	
“Molecular	 clock”	 studies	use	genetic	distance	 to	 infer	 time	since	 separation	of	lineages	 to	 try	 and	 locate	 the	 origin	 of	 the	 metazoans.	 Previous	 estimates	 of	metazoan	 divergence	 from	 molecular	 clock	 results	 places	 the	 origin	 from	 the	shallow	Ediacaran	to	the	very	deep	Mesoproterozoic	(Peterson	et	al.,	2008).	This	then	causes	difficulty	 in	ascertaining	whether	 these	deep	 times	are	 true,	and	 if	the	so	called	Cambrian	explosion	is	actually	just	a	result	of	preservational	bias?	The	 early	 molecular	 clock	 studies	 assumed	 a	 strict	 clock,	 based	 on	 poorly	justified	 single	 calibration	 points	 that	 failed	 to	 accommodate	 phylogenetic	 and	dating	 uncertainty	 (Cunningham	 et	 al.,	 2017),	 which	 infers	 a	 constant	 rate	 of	molecular	evolution	across	every	lineage,	such	as	the	early	study	by	(Runnegar,	1982).	Runnegar’s	studies	assume	that	α	and	β	haemoglobins	have	been	evolving	at	 a	 statistically	 constant	 rate,	 therefore	 by	 calculating	 the	 percentage	differences	 in	 sequences	 of	 both	 invertebrate	 and	vertebrate	 globins	he	places	the	initial	radiation	of	the	metazoans	at	900-1000	million	years	ago	(Runnegar,	1982)	 and	 these	 divergence	 dates	 were	 consistently	 too	 old	 to	 correlate	 with	fossil	evidence.		
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More	recent	studies	have	shown	that	rates	of	evolution	are	not	always	constant	between	 lineages	 (Bromham,	 2006;	 Bromham,	 2009).	 To	 get	 around	 this	problem,	researchers	began	applying	clock	methods	which	exclude	rate-variable	sequences	and	select	‘well-behaved’	clock-like	genes,	such	as	the	study	by	(Wang	et	al.,	1999).	Wang	et	al	(1999)	analysed	a	larger	number	of	genes,	compared	to	previous	 studies,	 among	 well-represented	 animal	 phyla,	 and	 among	 plants,	animals	 and	 fungi.	 The	 results	 show	 that	 divergences	 among	 chordates,	arthropods	and	nematodes	average	at	about	993±46	Ma	(Wang	et	al.,	1999).	This	is	still	around	400	million	years	before	the	fossil	record	records	evidence	of	the	first	 metazoans,	 raising	 the	 question	 of	 whether	 the	 Cambrian	 Explosion	 is	indeed	 an	 explosion,	 or	 is	 it	 just	 the	 result	 of	 preservation,	 interpretation	 or	collecting	bias	in	the	Cambrian?		
Most	 modern	 divergence	 time	 analyses	 have	 been	 undertaken	 using	 a	framework	 of	 Bayesian	 inference	 as	 it	 is	 capable	 of	 integrating	 much	 of	 the	uncertainty	associated	with	divergence	time	estimation	such	as	the	relationships	between	 fossil	 evidence	 and	 clade	 age,	 rate	 variation	 among	 lineages	 (the	relaxed	clock),	branch	length	estimation,	tree	topology,	and	parameters	such	as	data	 partitioning	 (dos	 Reis	 et	 al.,	 2015).	 Molecular	 clock	 studies	 rely	 on	calibration	to	establish	evolutionary	rates	throughout	the	phylogenetic	tree	and	fossils	 are	 the	 most	 commonly	 used	 form	 of	 calibration	 and	 are	 widely	acknowledged	 as	 being	 underestimates	 of	 the	 true	 divergence	 times	 between	two	 lineages.	 However,	 it	 also	 has	 to	 be	 accepted	 that	 if	 fossils	 are	 gross	underestimates	 this	can	 lead	to	substantial	miscalculations	 in	divergence	times	(Blair	 and	 Hedges,	 2005).	 Differing	 results	 among	 studies	 are	 likely	 due	 to	previous	molecular	clock	dating	methods	having	suffered	from	limited	data	and	biases	 in	 methodologies	 (dos	 Reis	 et	 al.,	 2012;	 dos	 Reis	 et	 al.,	 2015)	 and	essentially	all	have	failed	to	take	into	account	the	large	uncertainties	associated	with	the	fossil	record	of	early	animals,	thus	leading	to	inconsistent	estimates.	By	using	 an	 unprecedented	 amount	 of	 molecular	 data,	 in	 parallel	 with	 reflecting	disparate	 and	 controversial	 interpretations	 of	 the	 metazoan	 fossil	 record,	 to	obtain	 Bayesian	 estimates	 of	 metazoan	 divergence	 times,	 these	 relaxed	 clock	methods	(Erwin	et	al.,	2011)	have	suggested	a	divergence	of	bilaterian	phyla	at	
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about	 100	 million	 years	 before	 the	 Cambrian,	 where	 the	 first	 certain	 crown-bilaterian	 fossils	 occur	 (dos	 Reis	 et	 al.,	 2015).	 This	 consistency	 in	 dates,	estimating	divergence	one	hundred	million	years	before	the	oldest	documented	animal	fossils,	throws	up	uncertainty	on	how	complete	the	fossil	record	actually	is	and	whether	the	Cambrian	Explosion	is	an	artifact	of	fossilization	and	the	real	‘explosion’	 of	 biological	 diversity	 is	 rooted	 in	 the	 Precambrian,	 and	 to	 what	extent	methodology	is	preventing	molecular	clock	methods	from	answering	the	question	of	early	animal	evolution	(Cunningham	et	al.,	2017).		
What	caused	the	Cambrian	Explosion?			Over	 the	 last	 decade	 there	 has	 been	 around	 thirty	 differing	 hypotheses	 put	forward	 to	 try	 and	 explain	 this	 fascinating	 Cambrian	 ‘Explosion’	 (Smith	 and	Harper,	 2013)	 and	 although	 the	 record	 of	 early	 metazoan	 evolution	 is	increasingly	well	understood,	 the	underlying	cause	of	 this	major	biotic	event	 is	still	 widely	 debated.	 Global	 redox	 changes	 such	 as	 the	 rapid	 rise	 or	 fall	 in	atmospheric	and	ocean	oxygen	levels	have	been	suggested	(Li	et	al.,	2017).	For	example	 isotope	data	(molybdenum)	has	demonstrated	 that	 the	areal	extent	of	oxygenated	 bottom	 waters	 increased	 in-line	 with	 the	 rapid	 rise	 of	 metazoan	diversity	 and	 modern-like	 oxygen	 levels	 characterized	 the	 ocean	 at	 ~521	 Ma	(Chen	 et	 al.,	 2015).	 Also	 Fe-S-C-Al-trace	 element	 data	 from	 early	 Cambrian	sections	 in	 South	 China	 was	 studied	 and	 results	 suggest	 a	 low	 sulphate	 and	highly	redox-heterogeneous	ocean	(Jin	et	al.,	2016)	indicating	that	the	“Cambrian	Explosion”	 in	 South	 China	 may	 have	 been	 a	 consequence	 of	 locally	 improved	oxygenation	 of	 the	 surface	 layer,	 as	 opposed	 to	 improved	 oxygenation	 of	 the	global	 ocean	 (Jin	 et	 al.,	 2016).	 This	 is	 inconsistent	 with	 changes	 in	 ocean	chemistry	 being	 a	 result	 of	 the	 effect	 of	 early	 animals,	 and	 increased	 oxygen	levels	 have	 even	 been	 proposed	 as	 a	 possible	 feedback	 mechanism	 whereby	increased	 levels	 of	 oxygen	 would	 have	 a	 stimulating	 effect	 on	 established	ecologies,	which	 in	 turn	would	 impart	more	oxygen	 to	 the	ocean	 surface	 layer	(Knoll,	1999;	Budd,	2008).			This	hypothesis	of	a	feedback	loop	was	also	suggested	in	another	study	where	it	was	 demonstrated	 that	 increased	 bioturbation,	 as	 in	 the	 early	 Cambrian,	
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systematically	 triggers	 a	 net	 decrease	 in	 the	 global	 oxygen	 reservoir	 and	 also	reduces	the	steady-state	marine	phosphate	levels	(Boyle	et	al.,	2014).	This	effect	is	balanced	by	the	decline	in	 iron-absorbed	phosphate	burial	that	stems	from	a	decrease	 in	 oxygen.	 Thus,	 the	 introduction	 of	 oxygen	 sensitive	 bioturbation	 is	sufficient	 enough	 to	 trigger	 a	 negative	 feedback	 loop;	 the	 intensity	 of	bioturbation	 is	 thus	 limited	 by	 the	 oxygen	 decrease	 it	 initially	 causes	 and	ultimately	 bioturbation	 helped	to	 regulate	 early	oxygen	 and	 phosphorus	 cycles	in	 the	 Cambrian	 oceans	 (Boyle	 et	 al.,	 2014).	 Another	 study	 using	 statistical	analysis	 of	 ~4700	 published	 iron	 speciation	 measurements	 from	 fine	 grained	clastic	rocks	to	test	hypotheses	of	global	redox	change	in	Precambrian/Cambrian	oceans	found	that	the	geochemical	data	does	not	show	a	statistically	significant	change	 in	 oxygen	 content	 through	 this	 boundary	 and	 these	 oceans	 were	predominantly	anoxic	and	ferruginous	(Sperling	et	al.,	2016).			The	 late	 Proterozoic	 Snowball	 Earth	was	 first	 proposed	 in	 1992	 and	 it	 is	 now	widely	believed	that	the	surface	of	the	earth	was	completely	frozen	at	least	twice	in	the	Marinoan	and	Sturtian	from	1000	to	545	Ma	(Kirschvink,	1992;	Maruyama	and	 Santosh,	 2008).	 During	 these	 periods	 of	 extreme	 glaciation	 where	continental	glaciers	reached	to	sea	level	in	the	low	equatorial	latitudes	(Hoffman	and	Schrag,	2002)	and	it	is	postulated	that	the	glaciation	continued	over	millions	of	 years	 until	 such	 time	 where	 there	 was	 sufficient	 levels	 of	 volumes	 of	volcanically	 derived	 CO2	 accumulated	 in	 the	 atmosphere	 to	 counteract	 the	icehouse	 climate;	 kick-starting	 the	 positive	 feedback	which	 began	 to	 thaw	 the	Earth	(Hoffman	et	al.,	1998;	Hoffman	and	Schrag,	2002;	Maruyama	and	Santosh,	2008).	 	 Many	 cases	 have	 been	 put	 forward	 to	 establish	 a	 link	 between	 the	Snowball	Earth	and	the	Cambrian	Explosion	(e.g.	Hoffman	et	al.,	1998;	Peterson	et	al.,	2005;	McCall,	2006)	however	a	problem	exists	between	timing	of	Snowball	Earth	 which	 is	 constrained	 as	 770-635	 MA	 with	 two	 inter-glacial	 warming	periods,	 and	 the	 fossil	 evidence	 for	 the	 Cambrian	 Explosion	 which	 places	 it	between	520-488	Ma,	thus	denoting	a	time	gap	between	these	two	events;	does	this	 imply	 that	 there	 is	 no	 relationship	 at	 all	 between	 these	 events?	 Another	interesting	 puzzle	 is	 that	 some	 molecular	 clock	 studies	 place	 the	 origin	 of	metazoans	 during	 this	 Snowball	 Earth	 period	 (dos	 Reis	 et	 al.,	 2015),	 inferring	
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that	the	internal	conditions	for	the	Cambrian	Explosion	were	in	place	earlier	on,	whereas	the	external	conditions	remained	too	adverse	for	metazoan	evolution.			As	well	 as	 the	 above	 external	 controls	 a	 number	 of	 hypotheses	 have	 been	 put	forward	 suggesting	 internal	 controls	 based	 on	 evolutionary,	 ecological	 or	genomic	break	through	to	explain	the	observed	increases	in	diversity	across	the	Precambrian	 –	 Cambrian	 transition	 (Sperling	 et	 al.,	 2013).	 The	 evolution	 of	macrophagy,	 which	 resulted	 in	 the	 evolution	 of	 larger	 body	 sizes,	 and	subsequently	skeletons,	in	response	to	increased	benthic	predation	pressures,	is	proposed	as	a	like	cause	of	the	Cambrian	Explosion	(Peterson	et	al.,	2005).	This	predation	 pressure	 also	 stemmed	 the	 evolution	 of	 mesozooplankton,	 which	irreversibly	 linked	 the	 pelagos	 to	 the	 benthos	 food	 webs	 and	 established	 the	Phanerozoic	ocean	(Peterson	et	al.,	2005).	 	Another	hypothesis	 is	based	on	 the	unique	and	rapid	coevolution	that	accompanied	the	early	Ediacaran	introduction	of	 eumetazoans,	 succeeded	by	 their	 early	 Cambrian	 expansion	 into	 the	pelagic	system	 (Butterfield,	 2007;	 Butterfield,	 2011).	 By	 reinventing	 the	 rules	 of	macroecology	by	expanding	into	multi-trophic	food	webs,	exhibiting	larger	body	sizes,	ecological	succession	etc.	(Butterfield,	2011;	Sperling	et	al.,	2013).	Both	the	Precambrian	 and	 Cambrian	 biospheres	 were	 integrally	 stable,	 however	 the	former	was	derived	 from	principally	 static	physical	 environments	whereas	 the	Cambrian	 saw	 induced	 diversity	 and	 dynamic	 ecosystem	 engineering	with	 the	creation	 of	 new	 infaunal	 environments	 for	 macrobiotic	 and	 microbiotic	organisms	 alike	 (Butterfield,	 2011;	 Herringshaw	 et	 al.,	 2017).	 Other	 internal	factors	 such	 as	 ecological	 hypotheses	 focusing	 on	 predation	 and	 the	 rise	 of	carnivory	 suggest	 that	 this	 rise	would	 have	 set	 off	 an	 evolutionary	 arms	 race,	leading	to	a	surge	of	new	complex	body	types	and	morphological	innovation	due	to	 changing	 selection	 pressures	 involving	 the	 increasingly	 complex	 food	webs	(Marshall,	2006).	 	Consistent	with	 this	hypothesis,	 the	origin	of	carnivory	 itself	appears	 to	be	 temporally	correlated	with	 the	Precambrian-Cambrian	transition	and	this	hypothesis	has	been	linked	back	to	the	idea	of	increased	oxygenation	as	a	driver	for	rapid	evolution,	consequently	carnivory	is	a	metabolically	expensive	feeding	 strategy	 and	 may	 have	 been	 driven	 as	 a	 consequence	 of	 increased	oxygenation	(Marshall,	2006;	Erwin	et	al.,	2011)	
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	It	 has	 been	 proposed	 that	 around	 540	 –	 480	 Ma	 the	 Early	 Cambrian	 world	underwent	a	significant	sea	 level	rise,	 in	 turn	 flooding	continental	margins	and	thus	creating	more	habitable	zones	 in	 the	 shallow	continental	 shelves:	 and	 the	landmasses	were	concentrated	along	low	latitudes	(Fig.	1).			This	also	resulted	in	an	 increase	 in	 weathering	 of	 exposed	 basement	 rock.	 There	 is	 evidence	 for	enhanced	 chemical	 sedimentation,	 indicative	 of	 increased	 ocean	 alkalinity	 and	greater	chemical	weathering	(Peters	and	Gaines,	2012;	Smith	and	Harper,	2013).	This	 great	 event	 that	 triggered	 the	 creation	 of	 new	 shallow	 marine	 habitats,	shows	a	 link	between	abiotic	and	biotic	 factors	 (Smith	and	Harper,	2013).	The	majority	 of	 these	 hypotheses	 have	 been	 presented	 as	 individual	 processes,	primarily	responsible	for	the	causal	modes	of	the	radiation.	It	is	likely	that	each	of	these	hypotheses	is	intrinsically	linked	and	there	is	not	one	single	mechanism	which	is	solely	responsible	for	this	event	(Smith	and	Harper,	2013).				
	
Figure	1.1: Showing distribution of major landmasses during the Early-Mid Cambrian 
and the location of major Lagerstätten, BS – Burgess Shale, SP – Sirius Passet, C – 
Chengjiang, E – Emu Bay. Modified after Torsvik	and	Cocks	(2013).	 				
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1.2	Exceptional	Preservation			After	an	organism	dies	it	is	normally	destroyed	by	scavengers	and	various	decay	processes,	and	its	component	parts	essentially	get	recycled	into	the	surrounding	environment,	meaning	that	there	is	no	record	of	the	vast	majority	of	organisms	which	have	lived	on	Earth.	However,	under	certain	conditions,	some	organisms	are	 fossilized	 and	 thus	 recorded	 in	 the	 fossil	 record.	 The	 occurrence	 of	 such	fossils	 is	 critical	 in	 enabling	 us	 to	 gain	 insight	 into	 the	 evolution	 of	 life	throughout	 geological	 time.	 The	 study	 of	 these	 processes,	 which	 affect	 the	organisms	after	death,	and	up	to	its	discovery	as	a	fossil,	is	called	taphonomy.		
1.2.1	Taphonomic	bias		
	These	taphonomic	processes	have	undoubtedly	exerted	a	widespread	bias	to	the	fossil	record	and	likely	every	fossil	biota	has	been	subjected	to	taphonomic	bias.	In	 normal	marine	 near-shore	 communities	 soft	 bodied	 fauna	make	 up	 around	two	thirds	of	the	total	species	and	individuals	however	the	preservation	of	such	fauna	is	relatively	rare	(Allison,	1988b),	therefore	the	occurrence	of	exceptional	preservation	of	fossilized	soft	parts	is	a	profound	example	of	preservational	bias	(Allison	 and	Bottjer,	 2011).	 	However,	 there	 is	 evidence	 in	 the	 fossil	 record	 of	biotas	 which	 do	 preserve	 soft	 tissues	 (e.g.	 Butterfield,	 1995)	 so	 it	 would	 be	erroneous	 to	 presume	 that	 exceptional	 preservation	 of	 soft-tissues	 had	 been	subjected	to	minimal	taphonomic	bias.			The	 Cambrian	 Explosion	 marks	 the	 interval	 when	 virtually	 all	 present	 day	bilaterian	body	plans	 evolved	 and	 therefore,	 the	 study	of	 these	deposits	 offers	unique	 insight	 into	 the	 evolution	 of	 early	 life,	 allowing	 for	 reconstruction	 of	extinct	 fauna	 that	 make	 up	 the	 stem	 lineages	 of	 major	 extant	 clades	 (Allison,	1988a;	Butterfield,	2003;	Sansom	et	al.,	2010).		Preservation	of	soft-bodied	fossil	biota	 localities,	known	as	Konservat-Lagerstätten	 (Seilacher,	1970;	Seilacher	et	al.,	 1985),	 preserve	 traces	 of	 normally	 unstable	 non-mineralizing	 tissues	 and	these	 sites	 are	 not	 evenly	 distributed	 through	 geological	 time,	 and	 these	exceptional	 faunas	appear	to	be	over-represented	in	the	Cambrian	and	Jurassic	(Allison	 and	 Briggs,	 1993).	 The	 temporal	 concentrations	 of	 these	 deposits	
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correspond	to	particular	sedimentary	environments,	and	spatially	the	controls	of	their	 distribution	 may	 have	 been	 operating	 on	 a	 global	 scale	 (Allison,	 1988b;	Allison	and	Briggs,	1993;	Allison	and	Bottjer,	2011).		
1.2.2	The	Cambrian	Substrate	Revolution	
	The	 reduction	 in	 the	 number	 of	 exceptionally	 preserved	 faunas	 after	 the	Cambrian	 has	 been	 attributed	 to	 the	 evolution	 and	 diversification	 of	 deep	bioturbators	and	the	Cambrian	Substrate	Revolution	(Allison	and	Briggs,	1993;	Bottjer	 et	 al.,	 2000;	Bottjer,	 2010).	 	 As	 benthic	metazoans	 increased	 the	 depth	and	 intensity	 of	bioturbation	 they	 in	 turn	 succeeded	microbes	 as	 the	dominant	biological	influence	on	seafloor	conditions,	moving	away	from	the	“matgrounds”	which	prevailed	in	the	Ediacaran	to	the	Early	Cambrian	seafloors	(Hagadorn	and	Bottjer,	1997;	Gehling,	1999;	Bottjer,	2010)	and	subsequently	making	available	to	other	biota	a	variety	of	previously	inaccessible	and	unexploited	resources	and	ecological	niches	(Bottjer	et	al.,	2000;	Bottjer,	2010).			Diminutive	 ichnofaunas	 directly	 associated	with	weakly	 or	 non-biomineralised	taxa	 have	 been	 recorded	 in	 Cambrian	 Lagerstätten	 worldwide	 and	 are	characterized	as	being	millimeters	to	micrometers	in	diameter,	relatively	simple	and	non-branching	in	terms	of	morphology,	show	scarce	penetration	and	exhibit	part-counterpart	 type	 preservation	 (Zhang	 et	 al.,	 2007;	 Mángano,	 2011;	Mángano	 et	 al.,	 2012).	 The	 absence	 of	 biogenic	 reworking	 of	 sediment	 by	burrowing	taxa	along	with	the	presence	of	microbial	mats	has	been	put	forward	as	 a	mechanism	 for	 the	 development	 of	 firm	 substrates	 at	 the	 sediment-water	interface	 at	 the	 Ediacaran-Cambrian	 transition	 (McIlroy	 and	 Logan,	 1999;	Seilacher,	1999;	 Jensen	et	al.,	2005;	Mángano	et	al.,	2012).	This	combination	of	processes	 would	 have	 resulted	 in	 unique	 taphonomic	 conditions	 for	 the	exceptional	 preservation	 of	 carbonaceous	 matter	 and	 these	 tiny	 biogenic	ichnofaunas	 that	 are	 characteristic	 of	 Cambrian	 Lagerstätten	 (Mángano	 et	 al.,	2012).	 The	 taphonomic	 bias	 which	 stems	 from	 greater	 preservation	 under	reduced	 bioturbation	 levels	 in	 the	 Cambrian	 is	 a	 captivating	 example	 of	 how	evolving	 biological	 processes	 can	 directly	 influence	 taphonomic	 processes,	adding	to	the	complexity	of	inducing	bias	throughout	geological	time.		
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1.2.3	Taphonomic	filters		Decay	of	organisms,	before	they	are	subject	to	fossilization	and	preserved	in	the	fossil	 record,	 can	 lead	 to	 complex	 difficulties	 when	 comparing	 these	 taxa	 to	extant	 organisms	 when	 trying	 to	 compare	 the	 shared	 characters,	 or	synamorphies,	 on	 which	 evolutionary	 study	 ultimately	 rests	 (Sansom	 et	 al.,	2010).	For	example,	 the	placement	of	 fossils	 in	 the	appropriate	 stem	or	extant	clades	 is	 dependent	 upon	 the	 absence	 (or	 possession)	 or	 certain	 characters,	therefore	a	fossil	missing	certain	key	characters	may	be	placed	on	a	certain	stem	based	on	 the	morphological	 features	 identified	 in	 the	 fossil.	However,	 if	 care	 is	not	 taken	 to	 distinguish	whether	 these	morphological	 features	 are	 true	 to	 the	original	organism	and	haven’t	been	lost	due	to	taphonomic	filters	 leading	to	its	preservation,	 it	 may	 be	 considered	 as	 being	 ‘less	 evolved’	 than	 it	 actually	 is.	Inability	 to	 differentiate	 between	 the	 causes	 of	 character	 absence	 can	 lead	 to	flawed	evolutionary	assumptions	(Sansom	et	al.,	2010).			Hence,	 a	 persistent	 problem	 with	 regards	 to	 the	 fossil	 record	 is	 that	 not	 all	organisms	are	preserved	completely	intact;	events	such	as	predation,	combined	with	 complex	 taphonomic	 processes,	 can	 result	 in	 exceptional	 preservation,	which	does	not	provide	an	accurate	duplicate	of	the	original	organism’s	in-vivo	anatomy.	Unlike	 the	 skeletons	of	 vertebrates;	 soft	 tissues	 can	be	distorted	and	altered	by	processes	of	decay	and	digenesis	that	are	the	same	processes,	which	are	ultimately,	key	to	their	fossilization	(Sansom	et	al.,	2010;	Sansom,	2014).	In	terms	of	taphonomic	processes,	two	main	pathways	are	the	leading	mechanisms	of	 preservation;	 organic	 preservation	 and	 authigenic	 microbially	 mediated	preservation	(Gehling,	1999;	Briggs,	2003;	Sansom,	2014).	Organic	preservation	occurs	when	decay	is	inhibited	to	allow	the	organism’s	original	biomolecules	to	be	preserved,	such	as	nucleic	acids,	proteins,	carbohydrates,	lipids,	and	resistant	biopolymers	etc.	(Briggs	et	al.,	2000;	Briggs,	2003)	and	this	kind	of	preservation	can	 be	 enhanced	 depending	 on	 the	 subsequent	 diagenesis	 (Butterfield,	 2003;	Powell,	 2003;	 Page	 et	 al.,	 2008).	 	 This	 leads	 on	 to	 the	 role	 of	 experimental	taphonomy:	biomolecules	 are	 transformed	during	 the	 fossilization	process	 and	this	transformation	can	be	investigated	experimentally.		
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1.2.3	The	role	of	experiments	in	taphonomy		The	 role	 of	 experiments	 in	 investigating	 taphonomy	 and	 exceptional	preservation	 are	based	on	 two	main	premises:	 that	 some	of	 the	 key	processes	involved	in	the	preservation	of	soft-tissue	take	place	on	a	measurable	laboratory	timescale	 and	 that	 the	 complex	 processes	 involved	 in	 taphonomy	 can	 be	simplified	to	allow	individual	aspect	to	be	determined	(Sansom,	2014;	Briggs	and	Mcmahon,	 2016).	 The	 digenetic	 processes	 involved	 in	 the	 fossilization	 of	organisms	most	 likely	 operate	 over	 geological	 timescales	 spanning	millions	 of	years,	 however	 the	 initial	 taphonomic	 filters	 of	 decay,	 degradation	 and	disarticulation	likely	take	place	over	timescales	spanning	days,	weeks	or	months	because	if	tissues	do	not	survive	these	initial	processes	there	will	be	nothing	left	to	be	fossilised	(Briggs,	2003;	Briggs	and	Mcmahon,	2016).	Organic	preservation	requires	the	retardation	of	decay	therefore	experimental	procedures	can	be	used	to	 investigate	 the	 factors	 that	 influence	 and	 affect	 rates	 of	 soft-tissue	decomposition,	 and	 anaerobic	 conditions	 along	with	 rapid	 burial	 are	 regularly	cited	as	 fundamental	 conditions	 for	organic	preservation	and	have	been	 tested	through	 experimental	 processes	 (Allison,	 1988b;	 Briggs	 and	 Kear,	 1993a;	Sansom,	 2014).	 Information	 lost	 through	 decay	 is	 a	 major	 problem	 in	determining	the	phylogenetic	position	of	soft-bodied	organisms	and	this	loss	of	information,	 or	 characters,	 can	 challenge	 any	 interpretation	 based	 on	 cladistic	analysis	(Sansom	et	al.,	2010;	Sansom	et	al.,	2011).			Microbially	 mediated	 mineralisation	 is	 the	 second	 pathway	 and	 authigenic	mineralization	 relies	 on	 almost	 immediate	 action	 by	 microbes	 which	 work	 to	actively	 decay	 structures	 in	 an	 organism	 to	 leave	 a	 characteristic	 chemical	signature,	 though	 means	 of	 phosphatisation,	 silicification,	 pyritisation	 etc.	(Gehling,	 1999;	 Briggs,	 2003;	 Darroch	 et	 al.,	 2012;	 Sansom,	 2014).	 This	mechanism	of	preservation	has	successfully	been	demonstrated	in	a	 laboratory	setting,	where	mineralisation	was	induced	on	a	measurable	laboratory	timescale	(Briggs	and	Kear,	1993b;	Briggs	and	Kear,	1994;	Sagemann	et	al.,	1999;	Darroch	et	al.,	2012).	These	experiments	allow	identification	of	the	conditions	necessary	for	 mineralisation	 and	 allow	 insight	 into	 the	 specific	 mechanisms	 involved	
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(Briggs	 and	 McMahon,	 2016).	 The	 chemical	 microenvironments	 favorable	 to	soft-tissue	 preservation	 were	 successfully	 characterized	 by	 Sagemann	 et	 al.,	(1999)	 and	 they	 demonstrated	 that	 the	 growth	 of	 authigenic	 minerals	 in	association	with	decaying	organic	matter	 is	a	 rapid	process	 that	 is	 intrinsically	linked	with	bacterial	 activity;	 oxygen	was	depleted,	pH	 increased	and	 sulphide	accumulated	around	the	decaying	tissue	which	created	steep	chemical	gradients	and	anaerobic	decay	(Sagemann	et	al.,	1999).			Essentially,	 to	make	 sense	 of	 exceptional	 preservation	we	 need	 to	 understand	the	taphonomic	processes	that	lead	to	their	preservation	and	how	they	may	have	been	 altered	 through	 these	 processes.	 The	 resulting	 information	 that	 can	 be	inferred	from	a	fossil	has	essentially	been	passed	through	taphonomic	filters	(i.e.	death,	decay,	burial,	diagenesis),	and	these	filters	need	to	be	unravelled	to	allow	us	 to	 understand	 the	 palaeobiological	 implications	 of	 the	 fossilised	 organism.	Taphonomic	 bias	 is	 influenced	 by	 diverse	 biological,	 physical	 and	 geochemical	processes,	which	 are	ultimately	dependent	 upon	 the	depositional	 environment	(Allison	and	Bottjer,	2011).																										
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1.3	Overview	of	Cambrian	Lagerstätten		Our	knowledge	and	understanding	of	the	Cambrian	Explosion	is	unsurprisingly	biased	 towards	 mineralizing	 organisms,	 due	 to	 their	 skeletal	 remains	 being	robust	enough	to	lead	to	preservation	(Butterfield,	2003).	 	This	bias	is	revealed	in	 sites	of	 exceptional	preservation,	 such	as	 the	Burgess	 Shale	 and	Chengjiang,	where	 the	 large	 majority	 of	 taxa	 and	 individuals	 were	 soft-bodied	 (non-biomineralising)	 (Butterfield,	 2003).	 Corresponding	 with	 the	 radiation	 of	skeletal	fossils	there	is	also	evidence	in	the	fossil	record	for	the	diversification	of	trace	 fossils	 (Conway	Morris,	 2006),	 and	 although	 examination	 of	 trace	 fossils	only	leads	to	speculation	of	the	animal	that	left	the	traces,	it	is	apparent	that	soft-bodied	 organisms	 made	 the	 majority	 of	 these.	 Since	 the	 record	 shows	 an	increase	 in	 biomineralising	 organisms	 but	 also	 an	 increase	 in	 traces	 made	 by	soft-bodied	 animals;	 it	 suggests	 that	 the	 Cambrian	 Explosion	 was	 not	 just	 an	artifact	 of	 this	 increase	 in	 biomineralisation.	 	 And	 as	 previously	 discussed,	 the	Proterozoic-Cambrian	 transition	 hosts	 a	 rich	 record	 of	 non-biomineralising	fossils	from	sites	known	as	Lagerstätten.			There	 are	 over	 50	 known	 Burgess	 Shale-type	 (BST)	 deposits,	 which	 occur	worldwide	over	multiple	palaeocontinents	and	are	primarily	restricted	to	Early	and	Middle	Cambrian	strata	(Gaines,	2014).	The	importance	of	these	deposits	is	widely	accepted,	however	there	is	still	a	degree	of	controversy	surrounding	the	exact	mode	of	preservation	in	these	localities.	BST	preservation	resulted	from	a	combination	of	pathways	and	specific	conditions	which	operated	at	a	 local	and	global	 scale	 (Gaines,	 2014).	 These	 combined	 influences	 operated	 to	 drastically	slow	microbial	decay	by	sulphate	reduction	during	early	burial,	thus	resulting	in	incomplete	decomposition	and	preservation	of	 soft-bodies	 (Gaines	et	 al.,	 2012;	Gaines,	 2014).	 	 Anoxia	 in	 bottom	waters	 is	 accepted	 as	 a	 prerequisite	 for	 BST	preservation	but	 this	 alone	 cannot	be	 responsible	 for	 exceptional	preservation	(Briggs,	 2003;	 Gaines,	 2014)	 since	 anaerobic	 decay	 of	 labile	 tissues	 due	 to	sulphate	reduction	may	occur	as	rapidly	as	aerobic	decomposition	of	the	tissue.		Therefore,	 anoxia	 is	 ineffective	 as	 a	 long-term	 conservation	 pathway	 in	 the	
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preservation	 of	 soft	 tissues,	 however	 studies	 has	 shown	 that	 decay-induced	mineralisation	can	occur	rapidly,	so	even	a	small	reduction	in	the	rate	of	decay	may	lead	to	improved	chances	of	preservation	(Allison,	1988b;	Petrovich,	2001).	Conventionally	 low	oxygen	 levels	and	rapid	burial	of	organisms	are	considered	to	be	the	essential	driving	 factors	 in	the	preservation	of	soft-bodied	fossils	and	the	formation	of	Konservat-Lagerstätten,	however	these	are	only	a	starting	point	in	 promoting	 early	 diagenetic	 mineralisation,	 with	 the	 latter	 being	 the	 most	efficient	 way	 in	 preventing	 information	 and	 character	 loss	 through	 decay	(Petrovich,	2001;	Gaines	et	al.,	2012;	Gaines,	2014).			Several	hypotheses	 for	BST	preservation	have	been	put	 forward	but	none	have	adequately	 explained	 their	 temporal	 and	 spatial	 distribution.	 Without	 these	Lagerstätten,	our	only	window	into	the	origin	of	animal	phyla	would	be	the	fossil	record	 of	 mineralised	 parts	 and	 because	 biomineralisation	 has	 developed	numerous	times	across	different	animal	lineages	(Murdock	and	Donoghue,	2011)	most	of	 their	 early	history	would	be	missing	 from	 the	 fossil	 record.	Therefore,	this	soft-bodied	fossil	record	provides	us	with	a	window	into	early	evolution	of	the	major	 animal	 groups.	 The	 next	 section	will	 outline	 the	 three	most	 famous	Cambrian	Lagerstätten	and	discuss	the	different	taphonomic	pathways	that	have	been	proposed	in	each	to	provide	a	picture	of	both	the	similarities	and	contrasts	between	each.																				
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1.3.1	The	Burgess	Shale		The	Burgess	Shale	of	British	Columbia	is	an	iconic	example	of	a	Cambrian	fossil	Lagerstätte	 of	 extraordinary	 quality,	 diversity	 and	 evolutionary	 significance	(Butterfield,	 1990)	 and	 arguably	 the	 most	 famous	 of	 Cambrian	 Lagerstätten.	Burgess	 Shale-type	 preservation	 (BST)	 is	 usually	 recognized	 as	 carbonaceous	compressions	 in	 marine	 shales	 where	 soft-bodied	 features	 are	 preserved	(Butterfield,	2003;	Broce	and	Schiffbauer,	2017).		The	fossils	of	the	Burgess	Shale	notably	 retain	 the	 outline	 of	 three-dimensional	 features	 via	 the	 process	 of	kerogenization,	whereby	organic	tissues	are	converted	to	a	more	stable	form	of	carbon,	 a	 consequence	 of	 rapid	 collapse	 due	 to	 the	 degradation	 of	 supporting	cellular	 tissues	 (Butterfield,	 2003;	 Broce	 and	 Schiffbauer,	 2017).	 	 These	 are	sometimes	 associated	with	 aluminosilicates,	which	may	have	 replicated	decay-prone	tissues	prior	to	decomposition	(Orr,	1998).  	The	 “Phyllopod	 Bed”	 (PB)	 is	 an	 informal	 rock	 unit	 within	 the	Walcott	 Quarry	Member	 of	 the	 Burgess	 Shale	 Formation.	 It	 is	 the	 most	 fossiliferous	 of	 beds	within	 the	 formation	 and	 contains	 classic	 Burgess	 Shale	 fauna	 (Fletcher	 and	Collins,	1998;	Gabbott	et	al.,	2008)	and	was	discovered	by	Walcott	in	1909.	Since	the	discovery	of	 the	PB,	 subsequent	 excavations	have	 extended	 the	unit	 to	5m	below	 Walcott’s	 original	 quarry	 floor	 and	 laterally	 to	 the	 top	 of	 the	 Wash	Limestone	 (Gabbott	 et	 al.,	 2008).	 This	 newly	 exposed	 stratigraphic	 section	 is	about	7m	thick	and	is	referred	to	as	the	“Greater	Phyllopod	Bed”.	 	The	fauna	of	the	 GPB	 is	 represented	 by	 ~158	 genera,	 mostly	 monospecific	 and	 non-biomineralising,	 representing	 17	major	 taxonomic	 groups	 (Caron	 and	 Jackson,	2008).	 	 Understanding	 the	 mode	 of	 exceptional	 preservation	 is	 key	 to	 our	understanding	the	palaeoecological	and	evolutionary	processes	occurring	at	this	time	(Conway	Morris,	1989;	Caron	and	Jackson,	2008).		Mineral-	 specific	 diagenesis	 by	 suppressing	 the	 normal	microbial	 decay	 based	processes	 (Butterfield,	 1990;	 Butterfield,	 1995;	 Gaines	 et	 al.,	 2012)	 or	 by	 a	secondary	enhancement	of	the	recalcitrance	of	labile	substrates	(e.g.,	Petrovich,	
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2001)	are	both	considered	as	an	essential	 criterion	 in	BST	preservation.	There	have	 been	 attempts	 to	 constrain	 these	 models,	 such	 as	 experimental	 decay	studies	on	lobster	eggs,	which	have	shown	that	sedimentary	particles	will	attach	to	 lobster	 eggs	 in	 the	 presence	 of	 bacteria	 (as	 opposed	 to	 authigenic	precipitation)	(Martin	et	al.,	2004)	and	those	by	Briggs	and	Kear	(1994)	where	they	studied	the	decay	of	the	shrimp	Crangon,	and	the	prawn	Palaemon,	both	of	which	 are	 not	 fully	 biomineralised,	with	 the	main	 experimental	 controls	 being	the	availability	of	oxygen	at	the	beginning	of	decay	and	whether	the	system	was	open	of	 closed	 to	diffusion.	They	 showed	 that	 pH	 is	 influenced	by	 the	open	or	closed	nature	of	the	system	and	pH	decreases	most	in	a	closed	system,	inhibiting	the	 precipitation	 of	 calcium	 carbonate	 in	 favour	 or	 calcium	 phosphate	 (Briggs	and	Kear,	1994).		This	study	was	looking	at	decay	in	a	sediment-free	system	and	was	 subsequently	 adapted	by	Wilson	 and	Butterfield	 (1994)	 to	 investigate	 the	effect	 of	 the	mineralogy	 of	 sediment	 on	 the	 decay	 and	 early	 diagenesis	 of	 the	marine	 invertebrates	Nereis	 virens	 (polychaete	 annelids)	 and	Crangon	crangon	(crustacean	 arthropods)	 (Wilson	 and	Butterfield,	 2014).	 This	 showed	 a	 lack	 of	correlation	 between	 sediment	 grain	 size	 and	 morphological	 preservation,	suggesting	 that	 permeability	 of	 sediment	 was	 not	 a	 primary	 factor	 in	 the	preservation	of	carbonaceous	 films	and	that	 initial	sediment	sealing	may	be	an	essential	 criterion	 for	 fossilization	 by	 early	 diagenetic	 mineralization	 (Wilson	and	Butterfield,	2014).				Therefore,	in	light	of	the	decay	experiments,	changes	in	ocean	chemistry	and	clay	mineralogy	of	 the	sediment	are	probable	significant	 factors	 in	 the	opening	and	closing	of	the	BST	preservation	taphonomic	window.	During	the	early	Paleozoic	oceanic	 pH	 is	 estimated	 to	 have	 been	 at	 the	 Phanerozoic	 minimum	 which	 is	coincident	 with	 the	 interval	 of	 heightened	 BST	 preservation	 (Arvidson	 et	 al.,	2013)	 along	 with	 low	 global	 oceanic	 sulphate	 concentrations	 and	 low-oxygen	bottom	water	 conditions	 at	 the	 BST	 sites,	 causing	 reduced	 oxidant	 availability	(Gaines	et	al.,	2012).	Experiments	have	also	shown	that	elevated	kaolinite	may	have	 also	 been	 a	 controlling	 factor	 but	 this	 is	 problematic	 to	 constrain	 in	 BST	settings	due	to	the	significant	metamorphic	overprint	in	the	rocks	of	the	Burgess	Shale	(Powell,	2003)	and	a	better	understanding	of	the	metamorphic	history	of	
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the	 fossil	 rich	 beds	 is	 required	 to	 unravel	 the	 puzzle	 of	 the	 early	 Cambrian	taphonomic	window	(Powell,	2003;	Forchielli	et	al.,	2014).																																						
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1.3.2	Chengjiang		The	Chengjiang	Lagerstätte	was	first	discovered	in	1984	by	Hou	Xianguang	in	the	Yunnan	Province,	China.	 It	 represents	one	of	 the	oldest	Cambrian	Lagerstätten	dated	 at	 around	 525	 Ma	 (Gabbott	 et	 al.,	 2004;	 Zhang	 et	 al.,	 2007).	 There	 are	strong	similarities	with	the	Burgess	Shale	fauna,	with	the	biota	being	dominated	by	arthropods	and	sponges	and	the	rest	composed	of	a	variety	of	taxa	including;	lobopodians,	annelids	and	brachiopods.	The	Chengjiang	Lagerstätte	also	contains	an	occurrence	of	trace	fossils,	however	unlike	the	Burgess	Shale	where	the	trace	fossils	 are	 preserved	 in	 beds	 isolated	 from	 those	 bearing	 soft-bodied	preservation	(Allison	and	Brett,	1995),	the	traces	in	Chengjiang	occur	alongside	the	 fossils	 and	 are	 particularly	 associated	 with	 soft	 carapaces	 or	 skeletons	(Zhang	 et	 al.,	 2007).	 Despite	 this	 there	 are	 strong	 similarities	 between	Chengjiang	 and	 the	 Burgess	 Shale	 and	 many	 species	 from	 the	 two	 sites	 are	closely	related.			The	Chengjiang	biota	 is	widely	accepted	to	be	a	typical	BST	deposit,	 influenced	by	post	diagenetic	alteration	and	weathering	which	led	to	alterations	in	clay	and	iron	minerals	 (i.e.	 pyrite	 later	 pseudomorphed	 by	 iron	 oxides)	 (Gabbott	 et	 al.,	2004;	 Forchielli	 et	 al.,	 2014).	 Many	 of	 the	 fossils	 from	 the	classic	 Chengjiang	sections	 are	 heavily	 weathered	 and	 light	 gray	 to	 yellowish	 or	 brown	 in	 color,	with	 EDX	 analysis	 confirming	 the	 presence	 of	 aluminosilicates	 on	 the	 fossil	surfaces	 and	 surrounding	 matrix	 (Zhu	 et	 al.,	 2005).	 Many	 of	 the	 weathered	specimens	 also	 appear	 to	 be	 covered	 with	 a	 thin	 pale	 brown	 mineral	 film;	composed	 of	 Fe-	 rich	 aluminosilicates	 (Zhu	 et	 al.,	 2005).	 The	 pathway	 for	 the	precipitation	 of	 pyrite	 is	 that	 decaying	 carcasses	 may	 have	 acted	 as	 a	 local	substrate	 for	Fe-	and	Sulphate	reducing	bacteria,	due	 to	 the	clay-rich	sediment	being	 depleted	 in	 organic	 carbon	 (Gabbott	 et	 al.,	 2004;	 Forchielli	 et	 al.,	 2014).		The	differing	morphology	of	pyrite	which	shows	both	 framboidal	and	euhedral	habits	is	explained	as	being	a	consequence	of	differing	decay	rates	which	in	turn	would	influence	the	supply	of	H2S;	framboidal	habits	would	occur	due	to	rapidly	decaying	 tissues,	 quickly	 supplying	 H2S,	 producing	 many	 pyrite	 nuclei.	 Larger	
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euhedral	 pyrite	 would	 form	 where	 more	 recalcitrant	 tissues	 would	 initiate	 a	slower	H2S	production	allowing	for	crystal	growth	operating	on	fewer	nuclei.			Non-weathered	 specimens	 have	 been	 found	 to	 retain	 dark	 films	 consisting	 of	organic	 carbon,	 pyrite,	 apatite	 and	 Fe-rich	 clay	 minerals	 on	 their	 surface	 (in	particular	gut	 traces	of	priapulid	worms	Maotianshania	 and	Palaeoscolex)	with	the	presence	of	carbon	being	tissue	specific	and	occurring	in	places	such	as	the	alimentary	canals	(Gabbott	et	al.,	2004;	Zhu	et	al.,	2005;	Forchielli	et	al.,	2012).		It	has	been	argued	by	Zhu	et	al.,	(2005)	that	early	diagenetic	mineralization	such	as	phosphatisation	 and	 pyritisation	 played	 a	 key	 role	 in	 the	 preservation	 of	nonmineralised	organisms	of	BST	deposits,	however	this	has	also	been	disputed	that	 the	 conservation	 of	 organic	 tissues	 is	 the	 primary	 mechanism	 in	 the	preservation	of	non-biomineralised	fossils	since	this	requires	suppression	of	the	processes	 and	 filters	 which	 lead	 to	 the	 decomposition	 and	 loss	 of	 character	information	in	organic	remains	in	the	marine	realm	(Gaines	et	al.,	2008).																	
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1.3.3	Emu	Bay	Shale		The	Emu	Bay	Shale	(EBS)	is	a	lower	Cambrian	(Series	2,	Stage	4)	BST	fauna,	and	is	 by	 far	 the	 richest	 of	 these	 known	 in	 the	 southern	 hemisphere.	 Some	 have	argued	that	although	 it	contains	a	biota	 that	are	 taxonomically	similar	 to	other	Cambrian	BST	deposits	 (see	Briggs	and	Nedin,	1997;	Paterson	et	al.,	2016)	 the	EBS	 differs	 from	 current	 understanding	 of	 typical	 BST	 deposits	 and	 their	accompanying	taphonomic	pathways	(Gaines	et	al.,	2008;	Gaines	et	al.,	2012)	and	resulted	in	is	being	unequivocally	ruled	out	from	the	global	list	of	more	that	50	known	BST	deposits	(Gaines,	2014).				The	 EBS	 fossils	 display	 a	 range	 of	 taphonomic	 pathways	 and	 are	characteristically	preserved	as	two-dimensional	compression	fossils,	made	up	of	both	carbonaceous	and	mineralized	films	(McKirdy	et	al.,	2011).	Soft	tissues	are	preserved	 through	a	variety	of	processes	such	as	preservation	 in	phosphate	or	pyrite,	and	in	some	cases	they	preserve	a	level	of	detail	that	is	somewhat	absent	from	 most	 other	 Cambrian	 Konservat-Lagerstätten	 (McKirdy	 et	 al.,	 2011;	Paterson	 et	 al.,	 2016).	 	 The	 EBS	 contains	 the	 oldest	 recorded	 phosphatised	muscle	 tissues	 of	 the	 geological	 record;	 preserved	 muscle	 tissues	 have	 been	documented	 in	 the	Sirius	Passet	but	 these	are	preserved	 in	silica	(Strang	et	al.,	2016a).			Most	 studies	 on	 the	 taphonomy	 of	 the	 EBS	 fossils	 have	 been	 concentrated	around	the	diagenetic	aspects,	particularly	on	early	diagenetic	mineralisation	of	soft-tissues	 (Gaines,	 2014;	 Paterson	 et	 al.,	 2016)	 and	 late	 stage	 diagenetic	mineralization	whereby	 pink	 to	white	 fibrous	 calcite	 replicates	 fossils	 such	 as	the	 phosphatisation	 of	 labile	 tissues	 (Briggs	 and	 Nedin,	 1997),	 gut	 tracts	 (see	García-Bellido	et	al.,	2009;	Edgecombe	et	al.,	2011;	Paterson	et	al.,	2012)	but	 is	also	 present	 in	 recalcitrant	 extracellular	 cuticle	 such	 as	 in	 the	 preservation	 of	non-trilobite	arthropod	eyes	which	show	fine	detail	of	the	visual	surfaces	(Lee	et	al.,	 2011).	 	 Full	 understanding	of	 the	 taphonomy	 is	 also	hindered	by	 extensive	surface	 weathering	 at	 the	 EBS	 locality	 (similar	 to	 that	 seen	 in	 Chengjiang	(Forchielli	et	al.,	2014)).	
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	Certain	 taxonomic	 groups	 that	 are	 commonly	 represented	 in	 other	 Cambrian	BST	 biotas	 are	 either	 very	 scarce	 in	 the	 EBS	 or	 are	 completely	 absent	 (e.g.	echinoderms)	and	unraveling	whether	 this	 is	due	 to	 taphonomically	 controlled	filters	 (rather	 than	 biogeographical	 or	 environmental	 controls)	 remains	 an	important	 challenge	 in	 the	 EBS	 (Paterson	 et	 al.,	 2016).	 The	 depositional	environment	 of	 the	 EBS	 is	 interpreted	 to	 have	 been	 deposited	 in	 an	 isolated,	anoxic	 depression	 in	 the	 seafloor	 with	 evidence	 of	 syndepositional	 slumping	implying	 a	 nearshore	 setting	 (Gehling	 et	 al.,	 2011;	 Paterson	 et	 al.,	 2016).	 	 The	combination	of	this	nearshore	setting	and	the	diversity	if	preservational	modes	discussed	 (i.e.	 3D	 relief	 of	 soft-bodied	 taxa	 and	 the	 range	 of	 early	 diagenetic	mineralization	 of	 both	 labile	 and	 recalcitrant	 tissues)	 is	 the	 reason	 that	 it	 has	been	proposed	that	the	EBS	doesn’t	sit	well	with	the	other	typical	BST	deposits	(Gaines,	 2014)	 and	 more	 work	 needs	 to	 be	 done	 to	 conclude	 whether	 the	taphonomic	 filters	 such	as	 extensive	 surface	weathering	and	post-preservation	alteration,	along	with	 tissue	specific	controls	are	 the	main	 factor	 in	 influencing	the	appearance	and	composition	of	the	EBS.																		
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1.4	The	Sirius	Passet		
1.4.1	Overview	of	the	Sirius	Passet		The	Sirius	Passet	Lagerstätten	of	Peary	Land,	North	Greenland	occurs	in	marine	mudstones	(Buen	Formation)	(Fig.	1.3).	The	Buen	Formation	crops	out	across	a	large	part	of	the	Franklinian	Basin	(Higgins	et	al.,	1991)	(Fig.	1.2).	These	marine	mudstones	 were	 originally	 interpreted	 to	 have	 been	 deposited	 in	 a	 slope	environment	along	 the	eroded	scarp	of	a	pre-existing	carbonate	platform	(Peel	and	Ineson,	2011)	that	represents	the	subsidence	and	subsequent	regression	of	the	eroded	scarp		(Budd	and	Peel,	1998).	The	mud-dominated	siliciclastics	of	the	Buen	 Formation	 record	 the	 transgression	 and	 on-lap	 of	 a	 degraded	 carbonate	platform	 in	 the	 Early	 Cambrian	 (Peel	 and	 Ineson,	 2011)	 and	 was	 a	 storm	dominated	shelf	environment.	This	is	 indicative	of	rapid	burial,	which	has	been	postulated	as	a	major	 factor	 in	 the	environmental	 setting	of	 the	Burgess	Shale.	This	general	geological	setting	of	the	Sirius	Passet	is	somewhat	similar	to	that	of	the	Burgess	Shale	in	British	Columbia.		
 
 	
Figure	 1.2:	 Geological	map	 showing	 the	present	 day	 locality	 of	 the	 Sirius	Passet	
Lagerstätte,	indicated	by	red	box.	Modified	from	Ineson	and	Peel	(2011) 		At	 the	present	day	Sirius	Passet	 is	 located	at	82°47.6’N,	42°13.7’W	(Fig.	1.2).	 It	represents	 the	oldest	known	exceptional	preservation	of	soft	 tissues,	predating	both	Burgess	 Shale	 and	Chengjiang,	 and	 has	 been	postulated	 to	 fall	within	 the	
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spectrum	of	Burgess	Shale-Type	preservation	(Budd,	2011).	Since	 its	discovery	in	 1984	 there	 have	 been	 subsequent	 expeditions,	 which	 have	 collected	 over	8000	specimens	(belonging	to	~40	described	species).	Later	expeditions	in	2009	and	 2011	 assembled	 new	 collections	 including	 in	 situ	 material	 from	 outcrops	(Vinther	et	al.,	2011;	Mángano	et	al.,	2012).	The	 taxonomy	of	Sirius	Passet	has	been	 widely	 studied.	 For	 instance,	 it	 contains	 the	 oldest	 Lower	 Cambrian	trilobites	 known	 from	 North	 Greenland	 (Buenellus	 higginsi)	 (Morris	 and	 Peel,	2008)	 along	 with	 sponges,	 worms,	 halkieriids,	 lobopods	 and	 non-trilobite	bivalve	 arthropods	 (Williams	 et	 al.,	 1996).	 Bioturbation	 is	 evident	 throughout	the	majority	of	the	Buen	Formation,	indicated	by	mottling,	but	is	not	present	in	the	Lagerstätte	interval	(Stein	et	al.,	2013).	Lamination	in	these	beds	is	strongly	developed	(3-10	mm	scale).		
 
   
	
Figure	1.3:	Image	showing	the	present	day	field	locality	of	the	SP.	The	relationship	
of	 the	 dark	 shales	 of	 the	 Buen	 Formation	 to	 the	 limestones	 of	 the	 Portfjeld	
Formation	is	highlighted	with	the	red	arrow.	(Courtesy	of	David	Harper.) 
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1.4.2	Depositional	environment	
	The	 formation	 at	 Sirius	 Passet	 includes	 two	 end	member	 lithofacies	 and	 their	distribution	can	be	seen	in	Fig.	1.4;	a	‘spotted’	(Fig.	1.5)	and	a	silt-rich	(Fig.	1.6)	facies	 (Strang	 et	 al.,	 2016b).	 Despite	 greenschist	 facies	 metamorphism,	 the	primary	 sedimentary	 fabric	 remains	 preserved.	 	 The	 “spotted	 facies”	 is	characterized	by	 concentrated	 chlorite-mica	 aggregates,	which	are	 apparent	 as	face-face	 aligned	 crystallites,	 and	 are	 distributed	 throughout	 the	 section	 in	discontinuous	 wavy	 beds	 (Fig.	 1.5A-B).	 The	 beds	 of	 the	 silt-rich	 facies	 are	characterised	 by	 normal	 and	 reverse	 grading	 and	 show	 irregular	 contacts	 and	scouring	at	the	base	of	normal	graded	beds	(Fig.	1.6A).	Lamination	in	this	facies	is	 typically	 of	 single	 grain	 thickness	 layers	 of	 quartz	 (Fig.	 1.6B).	 There	 is	 also	some	 evidence	 of	 low	 angle	 cross	 lamination	 picked	 out	 by	 these	 single	 grain	layer	 laminations	 (Fig.	 1.6C)	 and	 both	 facies	 contain	 abundant	 chloritoid	porphyroblasts,	 indicative	 of	 greenschist	 facies	 metamorphism.	 (Fig.1.5D;	 Fig.	1.6D).	A	number	of	lines	of	evidence	indicate	the	facies	described	are	not	distal	turbidites	 such	 as	 seen	 in	 the	 BS:	 a)	 laminations	 seen	 in	 thin	 sections	 are	 not	ordered,	b)	fluctuations	occur	between	finer	grained	and	courser	grained	layers,	c)	bioclasts	are	present	within	the	layers,	i.e.	‘floating’.			 Acritarchs	and	olenelloid	trilobites	have	been	recovered	from	the	informal	member	of	the	Buen	Formation,	the	“Transitional”	Buen,	in	Peary	Land,	and	they	broadly	 constrain	 the	 stratigraphical	 position	 of	 the	 lower	 Buen	 Formation	 to	Cambrian	 Stage	 3	 (Babcock	 and	 Peel,	 2007).	 Acritarchs	 are	 indicative	 of	 the	
Heliosphaeridium	 dissimilare–Skiagia	 ciliosa	 Biozone	 and	 perhaps	 the	 Volkovia	
dentifera–Liepaina	plana	Biozone	as	used	in	the	Eastern	European	Platform	and	Baltoscandinavia	 (Moczydłowska	 and	 Vidal,	 1986;	 Vidal	 and	 Peel,	 1993).	 The	biozones	 correlate	 approximately	 with	 the	 Holmia	 and	 Protolenus	 trilobite	biozones	 [sensu	 (Geyer	 and	 Shergold,	 2000)]	 indicative	 of	 Cambrian	 Series	 2	(Babcock,	2005).			The	Holmia	Biozone	correlates	to	the	upper	part	of	Cambrian	Stage	3	and	the	 lower	 part	 of	 Stage	 4	 and	 the	Protolenus	 Biozone	 correlates	 to	 Stage	 4	 as	
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presently	conceived	(Babcock	and	Peel,	2007).	The	occurrence	of	the	olenelloid	trilobites	 Olenellus	 hyperboreus	 and	 O.	 svalbardensis	 in	 the	 upper	 Buen	Formation	indicates	the	Olenellus	Biozone	of	Laurentian	usage	(Blaker	and	Peel,	1997).	The	Olenellus	Biozone	belongs	to	the	provisional	Stage	4	of	the	Cambrian	(Babcock,	2005).		Its	base	is	historically	regarded	as	the	base	of	the	Dyeran	Stage	of	Laurentian	usage	(Palmer,	2011)	and	correlates	approximately	with	the	onset	of	the	Mingxinsi	Carbon	Isotope	Excursion	[MICE:	(Zhu	et	al.,	2006)].		
Buenellus	 higginsi	 is	 the	 most	 common	 macrofossil	 in	 the	 “Transitional”	Buen	 at	 Sirius	 Passet	 and	 provides	 a	 biostratigraphical	 age.	 This	 species	 is	included	 within	 the	 family	 Nevadiidae	 and	 its	 presence	 is	 indicative	 of	 the	
Nevadella	 Biozone	 as	 used	 in	 Laurentia	 (Blaker,	 1988;	 Blaker	 and	 Peel,	 1997).	This	 biozone	 correlates	 to	 the	 middle	 part	 of	 provisional	 Stage	 3	 (the	 lowest	stage	 of	 the	 provisional	 Series	 2)	 (Babcock	 et	 al.,	 2005).	 Historically,	 the	
Nevadella	Biozone	has	been	assigned	to	the	upper	part	of	the	Montezuman	Stage	as	used	in	Laurentia	(Palmer,	2011).	Sirius	Passet	has	been	correlated	with	the	Chengjiang	and	Guanshan	Lagerstätten	from	South	China,	which	are	temporally	related	to	the	Cambrian	Arthropod	Radiation	(CARE)	isotopic	excursion	(Zhu	et	al.,	2006).	Within	biostratigraphical	uncertainty	the	“Transitional”	Buen	is	older	than	the	Buen	Formation	s.s.	in	southern	Peary	Land.	
	 The	 presence	 of	 a	 diverse	 invertebrate	 benthos	 in	 Cambrian	 Konservat-Lagerstätten	indicates	the	overlying	water	column	was	oxic	with	a	sharp	redox	boundary	at	the	sediment-water	interface.		Bioturbation	is	surficial	and	typically	only	occurs	in	association	with	generally	large	arthropod	carcasses	(Mángano	et	al.,	 2012).	 	 Cyanobacteria	 are	 photoautotrophic	 and	 oxygenic	 microorganisms	and	could	have	produced	the	oxygenated	conditions	at	the	seafloor.		However,	in	extant	 cyanobacterial	 mats,	 sulphate	 reduction	 of	 the	 biomass	 can	 produce	hydrogen	sulphide	(H2S)	emissions	above	 the	mat	surface,	particularly	at	night	(Jørgensen,	 1979).	 Periodic	 high	 levels	 of	 H2S	 could	 have	 been	 a	major	 factor	impeding	the	settlement	of	benthonic	organisms	on	the	seafloor.	Either	the	mat	dwelling	fauna	was	ephemeral	and	able	to	escape	H2S	emissions	or	had	adapted	a	 resistance	 to	 H2S	 toxicity.	 Occasional	 massive	 sulphide	 expulsion	 from	 the	
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decaying	mats	might	have	led	to	mass	mortalities	of	the	mat	dwelling	community	[cf.	Weeks	et	al.,	2002].				It	appears	that	normal	marine	carbonaceous	shales	 in	the	Cambrian	were	limited	 to	 shallow-water	 regions	 with	 turbulent	 circulation	 (Raiswell	 and	Berner,	1986).	Negative	d13C	values	commonly	associated	with	Cambrian	black	shale	 deposition	 indicate	 either:	 (1)	 export	 production	 was	 low	 due	 to	 the	removal	 of	 phosphorous	 into	 deep-water	 brines	 and	 nitrate	 by	 expansion	 of	nitrate-reducing	bacteria	in	association	with	an	expanded	oxygen	minimum	zone	(Brasier,	 1992),	 or	 (2)	 extensive	 fractionation	 by	 sulphate	 reducing	 or	methanogenic	 bacteria	 	 (Murray	 et	 al.,	 1989)	 The	 latter	 is	 supported	 by	widespread	positive	d34S	during	black	 shale	deposition	 and	 relatively	 low	C/S,	which	are	both	indicative	of	a	major	expansion	of	the	sulphate-reducing	biotope	(Raiswell	and	Berner,	1986)		It	 is	proposed	 that	 the	arthropod-lobopodian	 fauna	 that	characterizes	 the	Sirius	Passet	inhabited	a	warm,	muddy,	matground	habitat	close	to	or	just	below	storm	wave	base,	but	within	 the	photic	 zone.	Primary	productivity	was	mainly	by	 benthic	 cyanobacteria.	 	 Contemporary	 shallow	 subtidal	 to	 intertidal	carbonate	environments	had	a	distinct	 shelly	 fauna	 including	archaeocyathans,	halkieriids,	tommotiids,	hyoliths,	molluscs,	rare	trilobites,	and	a	variety	of	other	small	 shelly	 fossils	 of	 unknown	 affinity	 [examples	 cited	 in	 (Mount	 and	 Signer,	1985)].	The	rapid	appearance	in	the	geological	record	and	ecological	stability	of	the	“Burgess	Shale-type	assemblages,”	over	some	10	million	years,	suggest	that	rather	than	being	long-lived	holdovers,	successively	displaced	from	the	shallow	water	 (Mount	 and	 Signer,	 1985;	 Conway	 Morris,	 2008),	 these	 animals	 were	members	 of	 new	Bambachian	megaguilds	 (groups	 of	 organisms	with	mutually	similar	adaptive	strategies),	highly	specialised	and	adapted	to	the	dynamic	and	unstable	nature	of	the	tropical,	muddy	lower	shoreface	and	shelf	(Fig.	1.7).	The	discovery	of	large	suspension	feeders	such	as	anomalocarid	Tamisiocaris	borealis	from	 the	 Sirius	 Passet	 suggests	 a	 well-developed	 pelagic	 biota	 which	 is	supported	 by	 high	 primary	 productivity	 and	 abundant	 mesozooplankton	
	 29	
supports	this	theory	because	small	prey	can	only	be	exploited	by	larger	animals	if	they	existed	in	significant	densities	(Vinther	et	al.,	2014).							    
	
Figure	 1.4:	 Graphic	 log	 of	 the	 Buen	 Formation	 at	 Sirius	 Passet	 based	 on	 thin	
section	 analysis	 and	 interpretation.	 Drawn	 with	 the	 aid	 of	 field	 notes/logs	 and	
labeled	samples	collected	by	Professor	David	Harper	in	2009	and	2011.	Samples	
were	sectioned	according	to	height	from	the	base	of	the	log	to	create	graphic	log.	
The	main	 Lagerstätte	 interval	 is	 represented	 by	 trilobite	 (body	 fossil)	 symbols.	
Pink	bars	 indicate	 thin	 sections	 showing	 laminated	 facies.	 	 Yellow	bars	 are	 thin	
sections	with	“spotted”	facies.		
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Figure	1.5:	Thin	section	and	SEM	photomicrographs	of	the	“spotted”	facies.	A.	High	
resolution	 scan	 of	 a	 thin	 section	 showing	 the	 concentration	 of	 chlorite-mica	
aggregates	into	discontinuous	wavy	beds	(3.4m	from	base	of	log).	Indicated	by	red	
arrows.	 B.	 Photomicrograph	 in	 plane-polarized	 light	 showing	 chlorite-mica	
aggregates	 of	 varying	 sizes	 (1.12	 m	 above	 base	 of	 log).	 Light	 areas/patches;	
examples	indicated	by	red	arrows.	C.	SEM-backscatter	(BSE)	image	showing	face-
to-face	alignment	of	crystallites	making	chlorite-mica	aggregates	(5.5	m	from	base	
of	 log).	 Indicated	 by	 red	 arrows.	 D.	 BSE	 photomicrograph	 of	 silicified	microbial	
mat	fragment	in	a	matrix	of	predominantly	chlorite-mica	aggregates	(5.5	m	above	
base	of	log).	Indicated	by	red	arrows.	
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Figure	 1.6:	 	 Thin	 section	 and	 SEM	 photomicrographs	 of	 the	 silt-rich	 facies.	 A.	
Photomicrograph	in	plane	polarized	light	showing	normal	(and	reverse?)	grading.		
Sharp,	 irregular	 contacts	 indicate	 scouring	 at	 the	 base	 of	 normal	 graded	 beds,	
indicated	 by	 red	 arrows	 (0.76	 m	 above	 base	 of	 log).	 Scale	 bar	 is	 1mm.	 B.	
Photomicrograph	 in	 plane-polarized	 light	 showing	 lamination	 picked	 out	 by	
single	grain	thickness	layers	of	detrital	quartz,	indicated	by	red	arrows	(4.56	m	up	
from	base	of	 log).	Scale	bar	 is	5mm.	C.	Photomicrograph	 in	plane	polarized	 light	
showing	low	angle	cross	lamination	picked	out	by	single	grain	thickness	layers	of	
detrital	quartz,	example	indicated	by	arrows	(4.77	m	above	base	of	log).	Scale	bar	
5mm.	 D.	 Photomicrograph	 in	 plane-polarized	 light	 showing	 elliptical	 outsized	
floating	 grains	 of	 dark	mudstone	within	 a	matrix	 of	 phyllosilicates,	 quartz,	 and	
chloritoid	 porphyroblasts,	 examples	 indicated	by	 red	 arrows	 (3.31	m	above	 the	
base	of	log).	Scale	bar	is	5mm.		
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Figure	 1.7:	 Block	 diagram	 illustrating	 the	 depositional	 environment	 at	 Sirius	
Passet	during	the	Early	Cambrian	(modified	after	Plint,	2014)	
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1.4.3	Previous	work	on	the	taphonomy	of	the	SP	
  Preservation	 in	 the	 Sirius	Passet	 varies,	with	 three	main	 types	 of	 preservation	present;	moulds,	films	and	silicified	guts.	The	combination	of	these	structures	is	similar	to	those	seen	in	the	Burgess	Shale,	and	Butterfield	(2003)	discussed	that	despite	 the	 alteration	 due	 to	weathering	 and	metamorphism,	 the	 Sirius	 Passet	fossils	 are	 likely	 to	 have	undergone	 the	 same	 taphonomic	pathway	 as	Burgess	Shale	and	therefore	can	be	characterised	as	BST	preservation.			Although	the	Sirius	Passet	Lagerstätte	may	not	match	the	species	richness	of	the	Burgess	Shale	or	Chengjiang	biotas,	 is	has	still	yielded	an	 impressive	variety	of	organisms	 which	 show	 exceptional	 preservation	 (Conway	 Morris	 et	 al.,	 1987;	Peel	et	al.,	1992;	Morris	and	Peel,	2008).	Particular	focus	of	previous	studies	has	been	 on	 the	 exceptionally	 preserved	 trilobites	 (Budd,	 1995;	 Blaker	 and	 Peel,	1997;	Babcock	and	Peel,	2007;	Stein	et	al.,	2013),	halkieriids	 (Morris	and	Peel,	1990;	Conway	Morris	and	Peel,	1995),	sponges	(Rigby,	1986;	Botting	et	al.,	2015;	Botting	 and	 Peel,	 2016)	 and	 non-trilobite	 arthropods	 such	 as	 Kerymachela	
kierkegaardi,	 which	 shares	 characters	 with	 biramous	 arthropods	 and	 two	famous	 burgess	 Shale	 problematica,	 Opabinia	 and	 Anomalocaris	 (Budd,	 1993;	Budd,	1997).	Other	arthropods	 include	Amisiocaris	borealis	which	possesses	an	elongated	 appendage	 with	 possibly	 anomalocaridid	 affinities,	 however	 differs	from	 the	 frontal	 appendage	 of	 Anomalocaris	 in	 that	 segment	 boundaries	 are	absent	 and	 ventral	 spines	 are	 relatively	 long	 and	 spineless	 (Daley	 and	 Peel,	2010).	It	is	suggested	that	these	differences	may	be	caused	by	taphonomic	filters,	however	the	morphology	of	the	described	specimen	does	indicate	it	was	unlikely	that	 this	 appendage	 was	 originally	 segmented	 or	 sclerotized	 (Daley	 and	 Peel,	2010).	In	the	descriptions	of	other	Sirius	Passet	arthropods	(Budd,	1993;	Budd,	1995;	 Budd,	 1997;	 Budd	 and	 Peel,	 1998;	 Budd,	 1999;	 Budd,	 2011;	 Peel	 2017)	reference	 is	made	 to	 the	 taphonomic	history	of	 the	 SP	 and	 the	bias	 and	 filters	present	 in	 the	 Sirius	 Passet	 to	 explain	missing	 characters	 or	 appendages,	 and	early	 mineralization	 has	 been	 cited	 as	 a	 leading	 factor	 in	 the	 preservation	 of	internal	 structures	 (e.g.	 Kerygmachela	 kierkegaardi	 where	 circularly	 arranged	musculature	is	preserved	(Budd,	1993)).		
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	Early	post-mortem	mineralisation	has	also	been	proposed	as	the	preservational	method	for	the	three-dimensional	preservation	of	the	digestive	tract	in	some	SP	arthropods	 (Budd	 2011;	 Peel	 2017a).	 Most	 of	 these	 three-dimensional	 traces	show	 good	 preservation	 of	 the	 digestive	 tract	 and	 axial	 area	 but	 appendages	become	unclear	distally	(Budd,	2011).	Endogenous	bacteria	have	been	suggested	as	 a	 mechanism	 for	 mediated	 phosphatisation	 within	 the	 digestive	 system	(Butterfield	2002;	Butler	et	al.,	2015;	Zacaï	et	al.,	2016;	Strang	et	al.,	2016a;	Peel	2017b)	but	it	is	also	possible	that	phosphorous	and	calcium	were	present	in	the	animal’s	digestive	tract	during	life.			Vetulicolians	 have	 also	 been	 described	 from	 the	 SP	 and	 are	 preserved	 as	reflective	 films,	 this	 differs	 from	 the	 preservation	 of	 vetulicolians	 from	Chengjiang,	which	show	significant	relief	(Shu	et	al.,	2009;	Vinther	et	al.,	2011).		These	 differences	 in	 preservation	 are	 likely	 a	 function	 of	 differing	 taphonomic	pathways	 because	 soft-bodied	 taxa	 and	 moulted	 trilobites	 are	 also	 preserved	with	 slight	 to	 moderate	 relief	 in	 the	 SP	 (Budd,	 2011;	 Vinther	 et	 al.,	 2011)	whereas	 mineralizing	 taxa	 such	 as	 trilobites	 (i.e.	Buenellus)	 exhibit	 significant	relief	 (Strang	 et	 al.,	 2016b).	 	 In	 the	 SP	 some	 limb	 traces	 of	 non-mineralizing	organisms	 are	 preserved	 with	 slight	 to	 moderate	 relief	 as	 depressions	 in	exoskeletons,	 however,	 evidence	 in	 some	 rare	 specimens	 show	 that	 these	depressions	 in	 the	 exoskeleton	 overlie	 the	 limb,	 therefore	 the	 naive	interpretation	of	robustness	of	these	limbs	during	decay	and	compaction	can	be	ruled	 out	 (Budd,	 2011).	 Consequently,	 it	 has	 been	 inferred	 that	 taxa	 that	preserve	relief	in	the	SP	cannot	be	used	as	evidence	of	early	mineralization,	for	example,	 like	 the	 Leanchoilia	 guts	 common	 in	 the	 Burgess	 Shale	 (Butterfield,	2002;	Butterfield,	2003;	Budd,	2011).			Previous	 work	 on	 the	 taphonomy	 of	 arthropod	 Campanamuta	 mantonae	was	initially	discussed	by	Budd	 (2011).	The	most	prominent	preservational	 feature	of	 this	 soft-bodied	 arthropod	 is	 the	 silicified	 muscle	 tissue,	 which	 is	 mostly	restricted	 to	 the	 axial	 region	 of	 the	 animal,	 which	 in	 many	 specimens	 has	preserved	 rather	more	 relief	 along	 the	 axis	 than	 in	 the	more	 abaxial	 regions;	
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Budd	(2011)	suggests	a	possible	mechanism	of	silicification	by	chemical	bonding	of	 silica	 (Leo	 and	 Barghoorn,	 1976)	 however	 a	 more	 in-depth	 taphonomic	description	 and	 alternative	 silicification	 model	 is	 proposed	 by	 Strang	 et	 al.	(2016a).			Along	 with	 body	 fossils,	 trace	 fossils	 have	 also	 been	 reported	 in	 most	 BST	Cambrian	deposits	including	the	Burgess	Shale	(Allison	and	Brett,	1995;	Powell,	2003;	 Mángano,	 2011),	 Chengjiang	 (Zhang	 et	 al.,	 2007)	 and	 the	 Sirius	 Passet	(Babcock	and	Peel,	2007;	Peel,	2010;	Mángano	et	al.,	2012).		In	the	SP	large	non-biomineralised	arthropod	carapaces	are	commonly	associated	with	trace	fossils	such	 as	 interconnected	 burrow	 systems	 (Mángano	 et	 al.,	 2012).	 Taphonomic	controls	 are	 likely	 responsible	 for	 the	 association	 of	 these	 structures	 with	carapaces	 but	 ecological	 controls	 would	 also	 have	 played	 a	 significant	 role	(Mángano	 et	 al.,	 2012).	 	 Morphological	 evidence	 in	 interconnected	 burrow	systems	 suggests	 re-use	 of	 these	 structures	 and	 suggests	 grazing	 on	 bacteria	(Mángano	 et	 al,	 2012),	 which	 is	 also	 supported	 by	 evidence	 of	 microbial	 mat	fragments	 associated	 with	 the	 trilobite	 Buenellus	 described	 by	 Strang	 et	 al.,	(2016b)	 and	 it	 is	 likely	 that	 sulphur	 bacteria	 were	 abundant	 in	 Cambrian	sediments	(Mángano	et	al.,	2012;	Strang	et	al.,	2016b).			Overall	previous	research	on	the	Sirius	Passet	has	mainly	been	focused	around	systematic	 descriptions	 of	 the	 SP	biota	 as	 cited	 above,	 and	 arguably	 very	 little	research	has	been	done	on	the	taphonomy	of	the	Sirius	Passet,	which	is	the	main	purpose	of	this	PhD.	
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1.5	Research	Questions		
1.5.1	Aims		The	key	questions	to	be	answered	in	this	thesis	are	outlined	below	and	will	be	addressed	by	way	of	two	chapters	(which	are	included	in	the	appendices	in	their	published	 form)	 and	 a	 synthesis	 chapter;	 in	 addition	 a	 largely	methodological	paper	 (accepted	 for	 publication	 in	 the	 Caribbean	 Journal	 of	 Earth	 Sciences)	proofs	 the	 use	 of	 the	 techniques	 (elemental	 mapping,	 SEM	 and	cathodoluminescence)	 applied	 to	 the	 Sirius	 Passet	 material,	 on	 a	 more	 recent	and	 less	 complex	 environmental	 setting,	 the	 Oligocene	 rocks	 of	 the	 Caribbean	island	of	Antigua.	
	1.				Explore	the	use	of	cathodoluminescence	as	a	tool	in	palaeontology	and	its	role	in	understanding	the	mechanism	of	silicification	as	a	primary	taphonomic	pathway	in	fossil	preservation.	Can	this	methodology	be	applied	to	the	silicified	material	from	the	Sirius	Pass	(SP)?			2.				Elucidate	 the	 taphonomic	 pathways	 of	 common	 taxa	 in	 the	 SP,	 making	comparisons	with	a	range	of	better-known	Cambrian	Lagerstätten	including	the	Burgess	Shale	and	Chengjiang.	 In	particular,	 investigate	 the	role	of	silicification	in	 the	 preservation	 of	 Cambrian	 arthropods,	 with	 reference	 to	 the	 trilobite	
Buenellus.	Examine	the	association	of	common	SP	arthropods	with	 ‘matground’	communities,	more	akin	 to	 the	Ediacaran,	and	 look	at	 their	 role	 in	 taphonomy.	Does	 the	 Sirius	Passet	 show	Burgess	 Shale-Type	preservation	or	 is	 it	 a	 unique	taphonomic	 pathway?				3.				Another	 common	 preservational	 style	 in	 the	 SP	 (and	 other	 Cambrian	Lagerstätten)	 is	 the	 presence	 of	 three-dimensionally	 preserved	 gut	 tracts.	Investigate	 and	 explain	 the	 presence	 of	 both	 phosphate	 and	 silica	 in	 the	preserved	guts	of	SP	arthropods.	Explore	what	this	can	reveal	about	the	feeding	
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habits	 of	 the	 organisms	 and	 how	 this	 can	 expand	 on	 our	 understanding	 of	Cambrian	food	webs.							
1.5.2	Summary	of	work	done			
Chapter	2:	Katie	Strang	designed	the	experiment	and	carried	out	the	SEM	work,	participated	 in	 data	 analysis	 and	writing	 of	 the	manuscript.	 David	Harper	 and	Stephen	Donovan	were	involved	with	fieldwork,	revising	and	editing	the	article.			
Chapter	 3:	All	 three	authors	designed	the	project.	Katie	Strang	carried	out	 the	SEM,	XRD	and	petrology	work,	participated	 in	data	 analysis	 and	writing	of	 the	manuscript.	 Howard	 Armstrong	 was	 involved	 with	 analysis	 and	 revising	 the	article.	David	Harper	assisted	with	revising	and	editing	the	article.			
Chapter	 4:	All	 three	authors	designed	the	project.	Katie	Strang	carried	out	 the	SEM	work,	participated	in	data	analysis	and	writing	of	the	manuscript.	Howard	Armstrong	was	involved	with	data	analysis	and	revising	the	article.	David	Harper	assisted	with	revising	and	editing	the	article.																				
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1.6	Methods		
1.6.1	Fieldwork		
 Samples	 used	 in	 this	 study	were	 collected	during	 expeditions	 led	by	Professor	David	 Harper	 in	 the	 summers	 of	 2009	 and	 2011,	 each	 taken	 from	 a	 specific	height	on	a	measured	sedimentary	log.	Fieldwork	was	sponsored	by	The	Danish	Council	 for	 Independent	 Research,	 The	 Agouron	 Institute	 and	 the	 Carlsberg	Foundation.	
1.6.2	Polished	thin	sections	
 Thin	(25	µm)	double	polished	 thin	sections	were	cut	perpendicular	 to	bedding	from	each	marked	interval	on	the	sedimentary	log.	These	sections	were	made	by	Ian	Chaplin,	 in	Durham	University	Department	of	Earth	Sciences.	Thin	sections	made	 through	 fossil	 material	 were	 first	 set	 in	 non-luminescing	 resin	 to	 avoid	breakage	of	the	sample.		
1.6.3	Thin	section	scans	
 Thin	sections	were	scanned	using	a	flat	bed	scanner	in	refractive	 light	mode	to	give	the	best	quality	image.	These	images	were	then	analysed	in	image	viewing	software	such	as	imageJ	to	identify	areas	of	interest	for	further	investigation.  
1.6.4	Petrology	
	All	 thin	sections	were	analysed	using	a	Leica	polarizing	microscope	 in	Durham	University.	 Thin	 sections	were	 categorised	 according	 to	mineralogy,	 grain	 size	and	 sedimentary	 features.	 Two	 end	 member	 lithofacies	 are	 recognised;	 a	‘spotted’	 and	 a	 silt-rich	 facies	 (Strang	 et	 al.,	 2016b).	 All	 thin	 sections	 were	photographed	using	a	Leica	camera	attached	to	the	microscope.		
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1.6.5	SEM	Samples	 were	 imaged	 and	 analyzed	 for	 composition	 using	 optical	 microscopy	and	Scanning	Electron	microscopy.	Thin	(25	µm)	double	polished	thin	sections,	cut	perpendicular	to	bedding,	provided	petrographic	and	textural	data.	Prior	to	SEM	 imaging	 all	 samples	were	 coated	with	~20	 nm	Carbon.	 SEM	 imaging	 and	analysis	was	carried	out	using	the	Hitachi	SU-70	FEG	SEM	in	Durham	University	using	 secondary	 electron	 and	 backscattered	 electron	 detectors	 at	 15	 kV.	 Both	primary	 and	 secondary	 backscatter	 techniques	 were	 used	 to	 produce	 general	images	prior	to	elemental	mapping	(SEM-EDAX)	and	SEM-CL	analysis.	EDAX	was	carried	out	using	the	backscatter	detector	and	the	same	voltage	settings	used	for	imaging.	For	point	analysis	a	Cobalt	standard	was	run	before	analysis	to	confirm	quantative	results.	This	was	done	by	using	the	QUANT	software	and	running	the	standard	several	times	to	ensure	maximum	accuracy.	(100	±	5%).		
1.6.6	SEM	CL		
	Cathodoluminescence	 was	 carried	 out	 using	 an	 SEM-CL	 mirror	 type	 detector	based	 in	 the	 University	 of	 Durham,	 Department	 of	 Physics	 (Gatan	 Mono-CL	cathodoluminescence).	 The	machine	was	 set	 to	 the	 low	magnification	 position		with	a	10Kv	voltage	to	allow	the	site	of	interest	to	be	determined.	The	working	distance	was	 set	 to	20mm	and	 then	adjusted	as	necessary	 to	allow	 focusing	of	the	 sample.	 The	 first	 results	 are	 obtained	 using	 the	 panchromatic	mode	 (clear	filter)	with	mirror	A	at	position	P.	Working	distance	is	then	set	to	16.2	–	16.7	mm	and	CL	 luminosities	 collected.	Each	 colour	 filter	was	 then	 inserted	one	by	one.	(red	>	600nm,	green	>	480	–	580nm	and	blue	<480	nm).	Various	studies	have	been	 carried	 out	 which	 show	 that	 Quartz	 grains	 display	 a	 variety	 of	
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luminescence	 intensity	dependent	on	 their	provenance	and	 the	standards	used	were	 adapted	 from	 	 (Seyedolali	 et	 al.,	 1997).	 CL	 intensity	 is	 dependent	 on	 the	density	 of	 intrinsic	 and	 extrinsic	 defects	 within	 the	 band	 gap	 of	 the	 mineral.	These	 defects	 are	 usually	 structural	 imperfections	 in	 the	 quartz	 crystal	 due	 to	vacancies	 within	 the	 crystal	 lattice.	 These	 include	 point	 defects,	 translations,	radiation	damage,	shock	damage,	melt	inclusions,	and	fluid	inclusions	(Frelinger	et	 al.,	 2014).	 These	 types	 of	 defects	 can	 provide	 information	 of	 the	 conditions	during	 mineralization	 and	 subsequent	 post-mineralization	 events	 such	 as	deformation	 and	 metamorphism	 (Frelinger	 et	 al.,	 2014).	 Once	 results	 were	obtained	 they	were	 then	 compared	 to	 other	 quartz	 CL	 provenance	 data	 in	 the	literature	to	identify	the	luminosities.		
1.6.7	CL	in	Palaeontology	
	Cathodoluminescence	 (CL)	 is	 a	 widely	 used	 tool	 in	 sedimentary	 petrology,	however	 it	 is	 relatively	 new	 in	 palaeontology.	 To	 our	 knowledge	 previous	applications	have	concentrated	on	shells	with	a	calcitic	composition	(e.g.	(Barbin	and	 Gaspard,	 1995;	 Gorzelak	 and	 Zamora,	 2013)	 rather	 than	 those	 which	 are	silicified.	 We	 used	 combined	 data	 from	 the	 literature	 to	 study	 the	microstructures	 in	 the	 silica	 grains	 of	 the	 Antiguan	 silicified	 molluscs,	 to	determine	the	likely	source	of	the	silica.		
			
	
	 41	
1.6.8		XRD	
	X-ray	diffraction	can	be	used	to	identify	mineral	phases	within	a	sample.	X-rays	are	diffracted	off	the	atoms	in	distinct	patterns	as	determined	by	Bragg’s	Law:	
2dsinθ	=	nλ.	
Where	d	is	the	spacing	between	diffracting	planes,	θ	is	the	incident	angle,	n	is	an	integer	 and	 λ	 is	 the	 wavelength	 of	 the	 beam.	 These	 patterns	 are	 unique	 to	 a	mineral	phase	and	therefore	mineral	phase	can	be	identified	by	analyzing	these	patterns.	
Bulk	mineralogy	was	checked	using	XRD	of	 the	<2m	clay	 fraction	following	the	standard	procedures	outlined	by	Moore	and	Reynolds	(1997)	and	advice	given	by	 João	 Trabucho-Alexandre.	 Fluorescence	 settings	 were	 applied	 to	 limit	 any	backscatter	caused	by	high	content	of	heavy	metals	such	as	Iron.	Rock	samples	were	 then	 gently	 disaggregated	 an	 agate	 with	 mortar	 and	 pestle,	 after	 being	pulverized	with	a	geological	hammer	to	speed	up	the	process.	Efforts	were	made	to	avoid	 shearing	 the	 clays	as	 this	 can	damage	 the	 structures.	The	 sample	was	then	sieved	to	remove	any	larger	fragments.		
Since	 organic	matter	 can	 cause	 background	noise	when	 reading	XRD	 results	 it	was	 removed	 by	 leaving	 the	 sample	 in	 a	 solution	 of	 5%	 hydrogen	 peroxide	(100ml)	 until	 reaction	 ceased.	 The	 sample	 was	 then	 transferred	 to	 a	 250ml	sample	 tube,	 suitable	 for	 centrifuge	 use.	 Sample	 was	 then	 centrifuged	 at	2000cpm,	before	pouring	the	clear	liquid	off.	Clear	water	was	then	added	and	the	sample	 stirred.	 The	 above	 steps	were	 undertaken	 until	 the	 liquid	was	 neutral	and	clay	did	not	fluctuate.		
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Separation	of	clay	fraction	and	saturation	for	XRD	measurements	
1. 5ml	of	dispersion	agent	was	added	and	sample	stirred	well	2. Centrifuged	 for	84	seconds	at	800rpm	before	siphoning	off	10mm	of	liquid	into	another	tube.		3. Repeat	step	2	until	sample	is	clean.		
Analysis	
Samples	 were	 then	 sent	 to	 Dr	 Manohara	 GV	 (Research	 Associate	 in	 the	Department	of	Chemistry,	Durham	University)	where	they	were	prepared	as	air-dried	 samples	 in	 line	 with	 the	 procedures	 in	 (Moore	 and	 Reynolds,	 1997).		Samples	 were	 then	 analyzed	 in	 a	 Bruker	 D8	 Advance	 Diffractometer.	 (CuKα	radiation)	 counting	 from	2	 to	 60°	 2θ	with	 a	 0.02°	 2θ	 steps	 at	 0.85	 s	 per	 step.	Lower	angles	were	run	than	in	bulk	analysis	in	order	to	see	low	angle	clay	peaks.	D	 spacing	was	 used	 and	 data	were	 plotted	 in	 excel	 to	 standard	 d	 spacing	 and	matched	to	those	present	in	the	literature.		
1.6.9	High-resolution	photographs	of	hand	specimens	High-resolution	photographs	were	taken	using	a	Canon	5od	camera.	Specimens	were	 placed	 on	 a	 copy	 stand	 and	 lit	 from	 the	 NE	 to	 give	 best	 resolution	 of	composition	and	topography.	
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Chapter	2:	Silicification	of	low-magnesium	
mollusc	shells	from	the	Upper	Oligocene	of	
Antigua,	Lesser	Antilles	–	a	case	study	on	
Cathodoluminescence	as	a	tool	in	Palaeontology	
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2.1	Abstract			Despite	 its	 widespread	 application	 in	 sedimentary	 petrology,	Cathodoluminescence	 remains	a	 relatively	new	 tool	 in	palaeontology.	As	 far	 as	we	 are	 aware	 in	 previous	 studies	 it	 has	mainly	 been	 used	 to	 look	 at	 shells	 of	calcitic	composition.	In	this	chapter	we	applied	the	CL	methodology	to	answer	a	simple	hypothesis:	was	the	silica	derived	from	a	volcanic	source	underlying	the	carbonate	 platform.	This	methodology	was	 applied	 to	 this	 project	 to	 proof	 the	use	 of	 CL	 on	 the	 Sirius	 Passet	 material.	 A	 version	 of	 this	 chapter	 has	 been	accepted	for	publication	in	the	Caribbean	Journal	of	Earth	Sciences	(Appendix	I).	SEM-CL	 allowed	 us	 to	 view	 a	 variety	 of	 microstructures	 and	 textures,	 which	aren’t	 visible	 under	 normal	 SEM	 or	 optical	 photography.	 By	 examining	 these	textures,	such	as	mottling,	fracturing	and	irregular	zoning,	along	with	data	from	the	 literature,	we	were	able	 to	deduce	 the	silica	source	as	volcanically	derived.	Silicified	molluscs,	namely	the	oyster	Hyotissa	and	the	scallop	Aequipecten?,	are	commonly	 preserved	 as	 silica	 in	 the	 carbonate	 successions	 on	 the	 island	 of	Antigua.	 These	 fossil	 assemblages	 are	 located	 within	 the	 Antigua	 Formation,	above	and	adjacent	to	a	variety	of	volcanic	and	volcaniclastic	rocks,	suggesting,	on	 geological	 grounds,	 an	 igneous	 source	 for	 the	 silica.	 Energy	 dispersive	spectroscopy	 (EDS)	 and	 cathodoluminescence	 (CL)	 have	 been	 applied	 to	characterise	 the	 silicification	 and	 its	 conditions	 of	 formation	 which	 may	 have	been	associated	with	hydrothermal	activity.												
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2.2	Introduction			Silicification	is	a	relatively	common	mode	of	preservation	in	the	fossil	record.	It	generally	 occurs	 along	 thin	 zones	 within	 the	 fossil	 as	 the	 original	 calcium	carbonate	 is	 dissolved	 and	 replaced	 by	 silica.	 The	 process	 of	 silicification	 (see	Butts,	2014,	 for	a	 comprehensive	 review)	 can	occur	 through	permineralization	(precipitation	 of	 silica	 into	 voids),	 entombment	 (precipitation	 on	 external	surfaces)	 and	 replacement	 (or	 silicification	 sensu	stricto),	 that	 is,	 dissolution	of	skeletal	material	virtually	concurrent	with	the	precipitation	of	silica.	The	process	is	controlled	by	shell	mineralogy,	 including	 the	amount	and	 location	of	organic	matter,	 and	 the	 availability	 of	 silica.	 Thus,	 silicification	 of	 fossils	 in	 limestones	can	be	considered	an	indication	of	early	diagenetic	conditions	whereby	there	is	a	source	of	excess	dissolved	silica	and	the	replacement	mechanism	is	the	likely	one	where	monomers	bond	directly	with	organic	material	(Butts,	2014)	rather	than	by	force	of	crystallization	(Maliva	and	Siever,	1998).	The	sources	of	silica	can	be	many	and	various	(e.g.,	Upchurch	et	al.,	1980).		Cathodoluminescence	(CL)	is	a	tool	for	determining	the	nature	and	distribution	of	luminescence	in	quartz.	These	data	may	reflect	specific	conditions	during	the	formation	of	quartz.	Cathodoluminescence	is	the	result	of	photon	emission	in	the	visible	 range	 resulting	 from	 excitation	 of	 high-energy	 electrons	 (Ségalen	 et	 al.,	2008).	The	intensity	of	CL	is	dependent	on	the	density	of	intrinsic	and	extrinsic	defects	within	the	band	gap	of	the	mineral.	These	defects	are	usually	structural	imperfections	in	the	quartz	crystal	due	to	vacancies	within	the	crystal	lattice,	and	include	point	 and	planar	 lattice	defects,	 radiation	damage,	 shock	damage,	melt	inclusions	and	fluid	inclusions	(Frelinger	et	al.,	2015).	These	defects	can	provide	information	 on	 the	 conditions	 during	 mineralization,	 and	 subsequent	 post-	mineralization	events	such	as	deformation	and	metamorphism.	The	combination	of	scanning	electron	microscope	(SEM)	and	CL	data	highlighting	textural	features	allows	distinction	of	different	quartz	 types	more	easily	 than	with	 conventional	microscopy	 or	 colour	 CL	 analysis	 (Bernet	 and	 Bassett,	 2005).	 Studies	 have	shown	 that	CL	 textures	 such	as	 zoning,	microcracks	and	deformation	 fractures	can	 remain	 preserved	 in	 sedimentary	 rocks,	 withstanding	 processes	 such	 as	
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uplift,	 sediment	 deposition	 and	 diagenesis	 (Seyedolali	 et	 al.,	 1997;	 Bernet	 and	Bassett,	 2005;	 Götze,	 2012).	 This	 has	made	 the	 textures	 a	 useful	 tool,	 because	comparison	 with	 published	 CL	 data	 of	 specimens	 from	 well-typified	 settings	enables	the	identification	of	the	provenance	of	minerals	and	their	conditions	of	formation.	 To	 the	 best	 of	 our	 knowledge,	 previous	 CL	 studies	 on	 Recent	 and	fossil	 shells	 have	 focussed	 only	 on	 those	 with	 a	 carbonate	 composition,	 to	determine,	 for	 example,	 growth	 trajectories,	 and	 the	 luminosity	 of	 calcite	 has	been	 used	 to	 decide	 whether	 a	 shell	 is	 modern	 or	 ancient	 (see,	 for	 example,	Barbin	 and	 Gaspard,	 1995;	 England	 et	 al.,	 2006;	 and	 references	 therein).	 The	application	 of	 using	 CL	 to	 determine	 information	 from	 silicified	 shells	 is	therefore	a	new	approach.		Herein,	we	characterise	the	silica	prevalent	in	bioclasts	of	the	Antigua	Formation	(upper	 Oligocene)	 of	 Antigua	 using	 a	 number	 of	 spectroscopy	 techniques.	 The	island	 of	 Antigua	 (Fig.	 2.1)	 is	 characterised	 by	 an	 abundant	 and	 diverse	Oligocene	 fossil	 fauna.	 Locally,	 these	 fossils	 are	 beautifully	 preserved,	 albeit	silicified.			
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Figure	2.1:	Outline	map	of	Antigua	(redrawn	and	modified	after	Weiss,	1994,	fig.	
3),	showing	the	principal	geological	subdivisions	and	the	city	of	Saint	John’s.	The	
regional	 dip	 is	 towards	 the	 northeast.	 Localities	 1	 (Hughes	 Point)	 and	 2	 (Half	
Moon	Bay)	 are	marked.	 Inset	map	 (modified	 after	Donovan,	 2010,	 fig.	 2)	 shows	
the	position	of	Antigua	in	the	Caribbean.	Key	(clockwise	from	Jamaica):	J=Jamaica;	
C=Cuba;	H=Hispaniola	(Haiti+Dominican	Republic);	PR=Puerto	Rico;	A	=	Antigua	
(arrowed);	 LA=Lesser	 Antilles;	 T=Trinidad;	 V=Venezuela;	 Co=Colombia.
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2.3	Geological	Setting			The	 Caribbean	 island	 of	 Antigua	 lies	 towards	 the	 northern	 end	 of	 the	 Lesser	 Antilles	volcanic	arc.	It	 is	a	Limestone	Caribee,	an	island	of	volcanic	origin	capped	by	carbonates	(Wadge,	 1994;	 Donovan	 et	 al.,	 2014a,	 b).	 As	 such,	 it	 is	 a	 perfect	 field	 laboratory	 to	investigate	 the	 relationships	 between	 a	 volcanic	 arc	 and	 the	 evolution	 of	 its	 carbonate	cover	 succession.	 The	 rock	 record	 of	 the	 entire	 island	 is	 late	 Oligocene	 in	 age	 (Weiss,	1994),	with	the	exception	of	some	minor	upper	Quaternary	sediments.	The	regional	dip	of	the	 strata	 is	 towards	 the	 northeast,	 with	 the	 oldest	 rocks,	 the	 Basal	 Volcanic	 Suite,	cropping	 out	 and	 exposed	 in	 the	 western	 and	 southern	 regions	 of	 the	 island.	 The	stratigraphical	 succession	 can	 be	 defined	 in	 terms	 of	 three	 conformable	 units,	 in	ascending	 order:	 the	 Basal	 Volcanic	 Suite;	 the	 Central	 Plain	 Group;	 and	 the	 Antigua	Formation.	 The	 Antigua	 Formation	 is	 a	 succession	 of	 diverse	 limestones	 with	 minor	siliciclastic	 and	 volcaniclastic,	 commonly	 tuffaceous,	 horizons	 that	 are	 exposed	 in	 the	north	and	east	of	the	island	(Fig.	2.1).	The	specimens	analysed	herein	were	collected	from	two	localities	in	the	Antigua	Formation.			
2.3.1	Locality	1.	Hughes	Point	
	Oysters	were	collected	from	float	and	in	situ	from	limestone	beds	in	the	Hughes	Point	area	on	the	south	coast	of	Nonsuch	Bay,	parish	of	St.	Philip,	eastern	Antigua	(Locality	1).	Large	gryphaeid	 oysters	 assigned	 to	 Hyotissa	 antiguensis	 (Brown,	 1913)	 are	 locally	 common	both	 in	situ	 in	 an	extensive	 coastal	 exposure,	 and	 reworked	as	 float	 in	 adjacent	 shallow	water,	 the	 latter	 associated	 with	 common	 bored	 clasts	 of	 limestone	 (Donovan	 et	 al.,	2014a).	 A	 measured	 section	 of	 part	 of	 the	 coastal	 exposure	 appeared	 in	 Collins	 and	Donovan	(1995,	fig.	2;	Figure	2.2	herein).	Oysters	are	common	and	were	noted	in	all	beds	identified	in	this	illustration.		
2.3.2	Locality	2.	Half	Moon	Bay		Scallops,	including	Aequipecten?	sp.,	were	collected	from	the	northeast	point	of	Half	Moon	Bay,	parish	of	Saint	Philip,	southeast	Antigua	(Locality	2).	Here	the	section	exposes	
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over	 8	 m	 of	 the	 Antigua	 Formation.	 These	 limestones	 have	 yielded	 a	 diverse	 fauna	(Donovan	 et	 al.,	 2015),	 including	 calcareous	 algae,	 articulated	 sponges,	 brachiopods,	crinoid	 columnals,	 asteroid	marginal	 ossicles,	 echinoids,	 rare	 oysters	 and	 other	 benthic	molluscs,	 including	 scallops.	 Foraminiferans	 from	 these	 beds	 include	 flat	 Lepidocyclina	
canellei	 Lemoine	 and	 Douville	 and	 inflated	 Eulepidina	 sp.	 cf.	 E.	 undosa	 (Cushman).	 A	measured	section	was	published	in	Donovan	et	al.	(2015,	fig.	3;	Figure	2.3	herein).			
	
Figure	 2.2:	 Measured	 section	 in	 the	 lower	 part	 of	 the	 cliff	 at	 Hughes	 Point	 (Locality	 1),	
Nonsuch	Bay,	Antigua	Formation	(modified	after	Collins	and	Donovan,	1995,	fig.	2).	Key:	F,	
M,	C	=	fine-,	medium-	and	coarse-grained	sandstone,	respectively;	P	=	pebble	conglomerate;	
K	=	cobble	conglomerate;	all	rocks	are	limestone.	
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Figure	2.3:	A	measured	section	of	the	northeast	point	of	Half	Moon	Bay	(Locality	2),	parish	
of	Saint	Philip,	south-east	Antigua;	Antigua	Formation	(Upper	Oligocene)	(after	Donovan	et	
al.,	 2015,	 fig.	 3).	 Note	 the	 section	 is	 entirely	 in	 limestone;	 terms	 such	 as	 sandstone	 and	
mudrock	refer	to	grain	size.	Crinoid	columnals	and	a	brachiopod	were	collected	from	bed	4;	
crinoid	columnals	are	present,	but	rare,	higher	in	the	section.	
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2.4	Results		
	
2.4.1	Locality	1:	Hughes	Point	
	Data	 using	 EDS	 show	 that	 the	 gryphaeid	 oysters	 are	 composed	 predominantly	 of	 silica	(>80%)	 intermixed	with	 calcite	 (Table	 2.1),	 lacking	 any	 correspondence	 to	 the	 original	growth	lamellae	or	shell	ultrastructure	(Fig.	2.4A).	Under	the	backscatter	detector	(BSE),	the	 silica	 grains	 in	 the	 samples	 appear	 relatively	uniform	with	no	 visible	distinguishing	features	(Fig.	2.5A).	The	silica	studied	by	SEM-CL	shows	a	range	of	grey	scale	luminosities	ranging	 from	 dark	 grey	 to	 white	 (white	 being	 the	 strongest	 luminescence)	 with	 the	majority	 of	 grains	 appearing	 mottled	 in	 texture	 (Fig.	 2.5B).	 These	 varying	 intensities	highlight	 features	 in	 the	 silica	 such	 as	 zoning.	 This	 distinct	 zoning	 appears	 as	 varying	shades	of	grey,	with	the	outer	rim	showing	almost	no	luminescence;	however,	zonation	is	not	 uniform.	 An	 emission	 spectrum	was	 produced	 using	 the	 intensity	 of	 counts	 against	wavelength.	 The	 emission	 band	 of	 this	 silica	 lies	 between	 540	 –	 740	 nm	 (Fig.	 2.6),	indicated	 neoformed	 silica	 (e.g.,	 Aparicio	 and	 Bustillo	 2012),	 which	 correlates	 with	 a	possible	hydrothermal	source	(Götze	et	al.,	2001).			
Table	2.1:	EDS	data	for	specimen	from	Hughes	Point	(Locality	1).	These	data	(wt.100%)	are	normalised	to	100	and	are	calculated	using	the	oxide	option	in	QUANT	software.	
Spot CaO MgO SiO Total 
1 0 0 100.00 100.00 
2 0 0 100.00 100.00 
3 98.61 1.39 0 100.00 
4 100.00 0.00 0 100.00 
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Figure	2.4:	Elemental	maps	of	specimens	 from	both	 localities.	A.	Elemental	maps	showing	
the	 distribution	 of	 Si,	 Ca	 and	 O	 of	 a	 sample	 from	 Hughes	 Point	 of	 the	 oyster	 Hyotissa	
antiguensis.	B.	Elemental	maps	showing	the	distribution	of	Si,	Ca	and	O	of	the	Half	Moon	Bay	
sample	of	Aequipecten?	sp.	Scale	bars	represent	100µm.	
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Figure	2.5:	 	SEM	and	CL	images	of	specimens	from	Hughes	Point	and	Half	Moon	Bay.	A.	SE	
image	showing	the	relationship	of	calcite	to	silica	zones	in	the	oyster	Hyotissa	antiguensis.	
B.	SEM-CL	of	same	area	and	specimen	as	(A),	showing	distinct	mottled	texture	(red	arrow).	
C.	SE	image	of	Aequipecten?	sp.	from	Half	Moon	Bay,	showing	the	distribution	of	calcite	and	
silica	zones.	D.	SEM-CL	of	same	area	and	specimen	as	 (C),	 showing	differing	 luminosity	 in	
silica	 and	mottled	 textures	 (red	 arrows).	 Scale	bars	 represent	20	µm	 (above)	 and	10	µm	
(below).	Abbreviations:	Cc	–	calcite;	Qz	–	quartz.	
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2.4.2	Locality	2:	Half	Moon	Bay	
	Scallops	 (pectinid	 bivalves)	 from	 Half	 Moon	 Bay	 share	 the	 same	 composition	 as	 the	oysters	(Table	2.2)	from	Locality	1,	composed	of	silica	and	calcite;	this	pattern,	similar	to	that	of	 the	oysters	 from	Hughes	Point,	does	not	conform	to	 the	original	growth	 lines	or	shell	ultrastructure	(Fig.	2.4B).	The	optical	BSE	textures	are	homogenous,	and	there	are	no	 clear	 defects	 visible	 under	 normal	 SEM	 imaging	 (Fig.	 2.5C).	However,	 SEM-CL	 again	shows	 a	 distinct	 mottled	 texture	 and	 similar	 irregular	 distribution	 of	 luminosity	intensities,	 as	 at	 Locality	 1.	 This	 irregular	 distribution	 (Fig.	 2.5D)	 of	 luminosity	 helps	distinguish	 neoformed	 silica	 from	 that	 of	 metamorphic	 origin	 (Matter	 and	 Ramseyer,	1985).	There	 is	also	evidence	of	 zoning	present,	with	 the	overall	 texture	similar	 to	 that	found	at	Hughes	Point.		
Table	2.2	EDS	data	for	specimen	from	Half	Moon	Bay	(Locality	2).	These	data	(wt.100%)	are	normalised	to	100	and	are	calculated	using	the	oxide	option	in	QUANT	software.	Note	–	the	value	for	MgO	of	3.17	is	probably	an	artefact.	
Spot CaO MgO SiO Total 
1 0 0.11 99.89 100.00 
2 0 3.17 96.83 100.00 
3 97.24 2.76 0 100.00 
4 100.00 0 0 100.00 	
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Figure	2.6:	CL-SEM	spectrum	of	quartz;	emission	band	of	this	silica	lies	between	540	–	740	
nm.	
	
2.5	Conclusion			Silicified	fossils	are	common	in	the	upper	Oligocene	limestones	of	Antigua.	These	rocks	overlie	 and	 are	 regionally	 interbedded	 with	 a	 range	 of	 volcanic	 and	 volcaniclastic	rocks,	providing	an	obvious	source	of	silica.	The	proximity	of	these	extrusive	igneous	rocks	to	the	fossils	provides	a	key	test	of	the	efficacy	of	some	of	techniques	available	to	identify	the	source	of	silica	in	diagenetically	altered	shells.	In	particular,	those	molluscs	with	 low	 magnesium	 shells,	 oysters	 and	 scallops,	 seem	 particularly	 prone	 to	silicification.	 The	 technique	 of	 studying	 patterns	 of	 variable-intensity	 mono	 CL	 in	quartz	 grains	 has	 been	 applied	 to	many	 provenance	 studies	 (Seyedolali	 et	 al.,	 1997;	Boggs	et	al.,	2002),	but	in	this	case	we	have	focused	on	the	conditions	of	formation	of	the	silica.	We	 infer	 that	silica	 replacement	 in	 these	 fossils	was	a	multi-stage	process,	indicated	 by	 the	 variety	 of	 textures	 and	 crystal	 sizes	 visible	 under	 CL.	 The	minerals	from	both	 localities	 show	 a	 characteristic	mottled	 texture	with	 irregular	 zoning	 and	fractures	throughout	(Fig.	2.5).	The	emission	band	of	this	silica	lies	between	540	–	740	nm	(Fig.	2.6),	suggestive	of	a	possible	hydrothermal	source	(Götze	et	al.,	2001;	Götze,	2012).	This	evidence	is	not	incompatible	with	silicification	driven	by	the	hydrothermal	products	 of	 a	 volcanic	 arc,	 much	 of	 which	 forms	 the	 basement	 of	 the	 Limestone	Caribees.	
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Chapter	3.	The	Sirius	Passet	Lagerstätte:	Silica	
death	masking	opens	the	window	on	the	earliest	
matground	community	of	the	Cambrian	Explosion	
–	A	detailed	study	on	the	taphonomy	of	trilobite	
Buenellus	higginsi.		
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3.1	Abstract	
	In	 this	chapter	we	address	aspects	of	 the	exceptionally	preserved	Sirius	Passet	Lagerstätte,	 one	 of	 the	 earliest	 examples	 of	 soft-bodied	 preservation	 from	 the	lower	 Cambrian.	 A	 version	 of	 this	 chapter	 is	 published	 in	 the	 journal	 Lethaia	(Appendix	 II).	The	Sirius	Passet	Lagerstätte	(SP),	Peary	Land,	North	Greenland,	occurs	in	black	slates	deposited	at	or	just	below	storm	wave	base.	It	represents	the	earliest	Cambrian	microbial	mat	 community	with	exceptional	preservation,	predating	the	Burgess	Shale	by	10	million	years.	The	Cambrian	Explosion	is	one	of	the	most	important	events	in	the	history	of	life,	recording	the	diversification	of	many	 bilaterian	 animal	 body	 plans	 and	 the	 expansion	 of	 marine	 ecosystems.	Research	 on	 exceptionally	 preserved	 Lagerstätten	 is	 extremely	 important	 in	helping	 us	 understand	 this	 early	 evolution	 of	 life.	 We	 use	 a	 combination	 of	analytical	 techniques,	 such	 as	 petrography	 and	 SEM	 analyses	 with	 detailed	methodology	 outlined	 in	 chapter	 1,	 section	 1.6.	 Here	 we	 demonstrate	 the	sequence	 of	 events	 leading	 to	 the	 preservation	 of	 concave	 hyporelief	 external	moulds	 and	 convex	 epirelief	 casts	 of	 Buenellus	 higginsi,	 the	 most	 common	element	of	the	Sirius	Passet.	There	are	three	main	types	of	preservation	in	the	SP	–	 moulds,	 films	 and	 guts.	 Buenellus	 was	 chosen	 due	 to	 its	 abundance	 and	availability	 of	 specimens,	 and	 it	 being	 a	 good	 representative	 of	 the	 typical	mouldic	 preservation	 throughout	 this	 Lagerstätte.	 In	 this	 chapter	 we	 also	present	a	detailed	description	of	the	sedimentary	petrology,	revealing	two	end-member	 lithofacies,	 a	 ‘spotted’	 and	 a	 silt-rich	 facies.	 The	main	 element	 of	 our	proposed	 trilobite	 taphonomy	 is	 the	 sealing	 of	 the	 specimens	 and	 early	silicification,	 within	 the	 microbial	 mats	 on	 which	 they	 lived.	 This	 taphonomy,	generating	 death	 masks,	 is	 relatively	 common	 in	 the	 Ediacaran,	 however	 it	 is	unique	 to	 the	 Cambrian	 and	 may	 only	 have	 existed	 for	 a	 short	 time	 due	 the	absence	of	 the	mat	grazing	organisms	that	appeared	 later	during	the	Cambrian	Explosion.	Trilobites	from	the	SP	are	preserved	as	complete,	three-dimensional,	concave	hyporelief	external	moulds	and	convex	epirelief	casts.	External	moulds	are	shown	to	consist	of	a	 thin	veneer	of	authigenic	silica.	The	casts	are	 formed	from	silicified	cyanobacterial	mat	material.	 	Silicification	in	both	cases	occurred	
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shortly	after	death	within	benthic	cyanobacterial	mats.	Pore	waters	were	alkali,	silica	saturated,	high	in	ferric	iron	but	low	in	oxygen	and	sulphate.		Excess	silica	was	 likely	 derived	 from	 remobilized	 biogenic	 silica.	 The	 remarkable	 siliceous	death	mask	preservation	opens	a	new	window	on	the	environment	and	location	of	the	Cambrian	Explosion.	This	window	closed	with	the	appearance	of	abundant	mat	grazers	later	as	the	Cambrian	Explosion	intensified.	
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3.2	Introduction		The	 Cambrian	 Explosion	 records	 the	 diversification	 of	 complex,	 mainly	bilaterian,	 animal	 body	 plans	 and	 the	 expansion	 of	 animal-based	 marine	ecosystems	 (Butterfield,	 2003).	 Much	 of	 what	 we	 know	 about	 this	 event	 is	recorded	 in	 a	 succession	 of	 black	 shale	 conservation	 Lagerstätten.	 The	 Sirius	Passet	(SP)	is	the	oldest	of	these	and	is	located	in	J.P.	Koch	Fjord,	N.	Greenland,	at	82°47.6’N,	42°13.7’W	(Fig.	3.1A)	and	during	the	Cambrian	lay	at	approximately	10ºS	(Fig.	1B;	Peel	and	Ineson,	2011).	The	black	slates	have	been	mapped	as	the	“Transitional”	Buen,	previously	 interpreted	as	 fine-grained	turbidites	(Peel	and	Ineson,	2011).	Buenellus	higginsi	 is	 the	most	common	macrofossil,	 indicative	of	the	 Nevadella	 Biozone	 in	 Laurentia,	 equivalent	 to	 the	 middle	 part	 of	 Stage	 3	(lowest	stage	of	Series	2;	520	to	535	Ma;	see	Babcock,	2005).		
	
Figure	3.1:	Figure	3.1:	A.	Sirius	Passet	locality	map,	lithostratigraphy.	B,	Cambrian	
palaeogeography.	Fig.	1B	redrawn	after	Cocks	and	Torsvik	(2011).		
		The	 SP	 fauna	 is	 similar	 to	 that	 of	 the	Burgess	 Shale,	 comprising	 ca.	 50	 species	including	 trilobites,	 sponges,	 worms,	 halkieriids,	 lobopods,	 and	 non-trilobite	bivalved	 arthropods.	The	 SP	Lagerstätte	pre-dates	 the	Burgess	 Shale	 (510	Ma)	and	 Chengjiang	 biotas	 (520	Ma)	 and	 is	 therefore	 the	 earliest	 example	 of	 high-fidelity,	soft-tissue	preservation	in	the	Cambrian.	As	recognised	from	studies	of	
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other	 Lagerstätten,	 an	 understanding	 of	 taphonomy	 is	 crucial	 in	 aiding	anatomical	 interpretations	 of	 the	 SP	 fauna	 and	 provides	 for	 a	 better	understanding	 of	 the	 palaeoenvironment,	 community	 reconstruction	 and	 early	diagenesis	(e.g.	Gaines	&	Droser,	2005;	Zhu	et	al.,	2006).		Similarities	 have	 been	 drawn	 between	 the	 depositional	 setting	 of	 the	 Burgess	Shale	 and	 SP,	 for	 example	 proximity	 to	 a	 submarine	 cliff	 line	 and	 supposed	basinal,	turbiditic	sedimentation	(Ineson	&	Peel,	2011).	 	These	similarities	have	led	 to	 the	 untested	 inference	 that	 SP	 fossils	 show	 Burgess	 Shale	 type	preservation	 (Gaines	 et	 al.,	 2008;	 Ineson	 &	 Peel,	 2011).	 Burgess	 Shale	 type	preservation	 is	 defined	 as	 “exceptionally	 preserved	 fossils	 whose	 primary	taphonomic	 mode	 is	 one	 of	 non-mineralising	 organisms	 preserved	 as	carbonaceous	 compressions	 in	 fully	 marine	 sediments”	 (Butterfield,	 1995).	 In	the	 Burgess	 Shale	 the	 soft-bodied	 fossils	 are	 preserved	 as	 thin,	 multi-layered	silvery	 films	 (Whittington,	 1980).	 Significant	 discussion	 has	 focussed	 on	 the	composition	 of	 the	 films.	 Are	 they	 predominantly	 organic	 and	 result	 from	coalification	during	metamorphism	(Butterfield,	1990,	1995;	Page	et	al.,	1998)	or	predominantly	composed	of	aligned	clay	minerals	(Towe,	1996;	Orr	et	al.,	1998)?	Disagreement	 regarding	 the	 composition	 of	 the	 fossils	 has	 led	 to	 a	 lack	 of	consensus	 regarding	 the	 mode	 of	 fossilization.	 	 Butterfield	 (1990,	 1995)	proposed	 that	 the	 clay	 which	 surrounded	 the	 fossils	 during	 burial	 acted	 as	 a	catalyst	that	 inhibited	microbial	decomposition	of	the	labile	tissues,	 leaving	the	organic	material	 to	be	“tanned”	(Butterfield,	1990)	and	produce	a	kerogen	film	during	diagenesis.	 In	comparison,	Orr	et	al.,	 (1998)	concluded	that	 fossilization	occurred	 during	 decomposition	 as	 a	 consequence	 of	 chemical	 interactions	between	 the	 tissues	 and	 the	 surrounding	 clays.	 	 In	 this	 model,	 variations	 in	composition	and	reactivity	of	the	different	tissues	during	decomposition	resulted	in	varying	accumulations	of	clays	on	the	carcass	either	by	accumulation	or	direct	precipitation	 from	 the	 pore	 water.	 The	 enhanced	 preservation	 of	 non-mineralized	tissues	may	have	also	resulted	from	a	combination	of	environmental	factors.	 	 Near	 bottom	 anoxia,	 would	 have	 prevented	 sediment	 irrigation	 by	bioturbators.	Reduced	permeability	of	the	seafloor	and	exclusion	of	oxygen	may	have	also	resulted	from	an	absence	of	coarse	grains	such	as	silt,	faecal	pellets	or	bioclasts	 and	 the	 presence	 of	 reduced	 bottom	 waters	 that	 may	 have	 acted	 to	
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deflocculate	 clay	mineral	 aggregations	 and	 facilitated	 the	precipitation	of	 early	diagenetic	pore	occluding	carbonate	cements	(Gaines	et	al.,	2005).	Some	 of	 the	 controversy	 surrounding	 the	 mechanisms	 of	 Burgess	 Shale	 type	preservation	 is	 in	 part	 due	 to	 the	 loss	 of	 primary	 features	 during	 post-depositional	 diagenesis	 and	 metamorphism.	 	 As	 a	 consequence	 of	 low	greenschist	 facies	metamorphism	and	cleavage	 formation,	 the	phyllosilicates	of	the	Burgess	Shale	currently	associated	with	 the	 fossils	are	not	 the	same	as	 the	minerals	that	initially	buried	the	fossils	(Powell,	2003).	A	detailed	understanding	of	 the	metamorphic	history	and	reconstruction	of	 the	primary	bulk	mineralogy	of	 the	 Burgess	 Shale	 precludes	 the	 presence	 of	 highly	 reactive	 clay	 species	necessary	 for	 the	Butterfield	model	 involving	organic	preservation	due	to	clay-related	suppression	of	decomposition-related	reactions	 (Powell,	2003).	 Instead	it	indicates	there	was	nothing	unusual	about	the	initial	mud	sediment	and	lends	support	to	the	Orr	hypothesis	of	clay	templating	during	decomposition	(Powell,	2003).	 	 This	 re-evaluation	 challenges	 the	 nature	 of	 Burgess	 Shale	 type	preservation,	 and	 shows	 the	 importance	 of	 determining	 the	 mineralogical	changes	 in	 Cambrian	 black	 shale	 Lagerstätten	 during	 metamorphism.	 	 This	 is	critical	to	understanding	the	taphonomy	which	in	previous	discussions	of	the	SP,	metamorphism	has	been	largely	ignored.				In	this	contribution	we	use	a	combination	of	observations,	petrography	and	SEM	analyses	to	demonstrate	the	sequence	of	events	leading	to	an	early	“death	mask”	preservation	 of	 the	 trilobites	 within	 the	 SP	 and	 discount	 the	 influence	 of	metamorphic	processes.	The	trilobite	Buenellus	is	the	most	abundant	element	of	the	 SP	 and	 therefore	 critical	 to	 the	 overall	 understanding	 of	 the	 taphonomic	history.	A	key	element	of	our	proposed	trilobite	taphonomy	is	the	sealing	of	the	specimens	and	early	silicification,	within	the	microbial	mats	on	which	they	lived.	This	taphonomy	though	common	in	the	Ediacaran	is	unique	to	the	Cambrian	and	may	only	have	existed	for	a	short	time	due	the	absence	of	the	mat	grazing	guild	that	appeared	later	in	the	Cambrian	Explosion.				
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3.3	Results		
3.3.1	Specimens.	Buenellus	 specimens	 are	preserved	 complete,	 in	 life	 position	and	 in	 3D.	 	 Two	 types	 of	 preservation	 are	 shown:	 1)	 concave	 external	moulds	comprise	thin	(<1	mm)	veneers	of	silica	(Fig.	3.2A)	and,	2)	convex	epirelief	casts	composed	predominantly	 of	 silicified	microbial	mat	material	 (Fig.	 3.2B-C).	The	microbial	mat	occurs	as	aggregates	of	hollow,	cell-like	structures	with	only	 the	cell	 wall	 mineralized.	 Two	 microbial	 textures	 are	 preserved:	 (1)	 the	 sheath,	which	consists	of	small	(<5	μm)	equidimensional	cells	and	spherical	vesicles	up	to	 2μm	 in	 diameter	 (Fig.	 3.2D-E),	 and	 (2)	 tubular	 or	 dendritically	 branching	microbial	filaments	(Fig.	3.2F),	observed	only	on	the	surface	of	the	fossils.		
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Figure	 3.2:	 High	 resolution	 photographs	 and	 SEM	 images.	 A,	 Image	 showing	
convex	external	mould	of	Buenellus;	arrows	indicate	where	thin	sections	were	cut.	
Scale	bar	1	cm.	B,	Convex	epirelief	cast	of	Buenellus;	arrows	 indicate	where	 thin	
sections	were	cut.	Scale	bar	1	cm.	C,	BSE	SEM	image	showing	matrix	and	microbial	
material;	 arrows	 indicate	where	mat	material	begins.	 Scale	bar	1	 cm.	D,	 SE	 SEM	
image	 showing	 microbial	 mat	 material	 as	 aggregates	 of	 hollow,	 cell-like	
structures	 with	 only	 the	 cell	 wall	 mineralized,	 scale	 bar	 1	 cm.	 E,	 High	
magnification	 SEM	 BSE	 image	 showing	 ‘webbed’	 silicified	 microbial	 mat	
structures.	 F,	 SEM	 SE	 image	 showing	 branching	microbial	 filaments	 growing	 on	
the	surface	of	the	fossil.	Scale	bar	100	mm.		
3.3.2	 Sedimentary	 petrography.	 The	 cleavage	 parallels	 sedimentary	 bedding	and	primary	 sedimentary	 textures	 are	 preserved.	 Two	 end-member	 lithofacies	are	 recognised,	 a	 “spotted”	 and	a	 silt-rich	 facies	 (Fig.	 3.5).	The	 “spotted”	 facies	consists	of	structureless	to	discontinuously	laminated	phyllosilicates	containing	Al-rich	 chlorite-mica	 aggregates	 that	 are	 10–20	mm	 in	 diameter	 (Fig	 3.5A-B).	Significantly,	outsized	clasts	of	silicified	microbial	mat	occur	infrequently	in	both	the	“spotted”	facies	and	the	silt-rich	facies	(Fig.	3.5C).	The	silt-rich	facies	consists	of	clay	to	very	fine	silt	particles	composed	predominantly	of	phyllosilicates	with	minor	detrital	quartz	grains	in	the	silt	fraction	(Fig.	3.5D-E).	Outsized,	lenticular	mud	clasts	are	present	 in	a	 few	beds	 (Fig.	3.5F).	Bedsets	are	planar	and	cross-laminated	(Fig.	3.5G),	with	sharp	to	gradational	boundaries	between	coarser	and	finer	layers	(Fig.	3.5H).		
3.3.3	X-Ray	Diffraction.	XRD	was	carried	out	on	both	the	“spotted”	(Fig.	3.3)	and	the	 silt-rich	 facies	 (Fig.	 3.4).	 Results	 show	 that	 the	 overall	 mineralogy	 was	similar	with	both	facies	composed	of	biotite,	illite,	quartz	and	chlorite.	Although	broadly	similar,	the	intensities	of	each	mineral	varied	between	facies,	likely	as	an	artefact	of	the	differing	compositions	prior	to	metamorphism.				
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Figure	3.3:	XRD	plot	of	2θ 	against	intensity	with	labels	showing	normalized	peaks	
for	each	main	clay	mineral,	interpreted	using	Moore	and	Reynolds	(1997).	These	
data	are	from	sample	0.06	which	is	the	‘spotted’	facies.			
	
Figure	3.4:	XRD	plot	of	2θ 	against	intensity	with	labels	showing	normalized	peaks	
for	each	main	clay	mineral,	interpreted	using	Moore	and	Reynolds	(1997).	These	
data	are	for	sample	4.56,	the	silt-rich	facies.			
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Figure	 3.5:	 Thin	 section	 photomicrographs;	 SEM	 and	 BSE	 images	 showing	 the	
different	 facies	 types.	 A,	 High-resolution	 photomicrograph	 of	 a	 thin	 section	
showing	 the	 concentration	 of	 chlorite-mica	 aggregates	 into	 discontinuous	 wavy	
beds	 (3.4	 m	 from	 base	 of	 log).	 B,	 Photomicrograph	 in	 plane	 polarized	 light	
showing	 chlorite-mica	 aggregates	of	 varying	 sizes	 (1.12	m	above	base	of	 log).	 C,	
BSE	 photomicrograph	 of	 silicified	microbial	mat	 fragment	 in	 the	 silt	 rich	 facies	
(5.5	m	above	base	of	log).	D,	Photomicrograph	of	a	thin	section	showing	laminated	
fabric	and	continuous	and	discontinuous	silt	 layers	(2.62	m	from	base	of	 log).	E,	
Photomicrograph	in	plane	polarized	light	showing	lamination	picked	out	by	single	
grain	 thickness	 layers	 of	 detrital	 quartz	 (4.56	 m	 up	 from	 base	 of	 log).	 F,	
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Photomicrograph	 in	 plane-polarized	 light	 showing	 elliptical	 outsized	 floating	
grains	of	dark	mudstone	within	a	matrix	of	phyllosilicates,	quartz,	and	chloritoid	
porphyroblasts	 (3.31	 m	 above	 the	 base	 of	 log).	 G,	 Photomicrograph	 showing	
planar	cross	laminated	bedsets.	H,	Photomicrograph	of	the	silt	rich	facies	showing	
sharp	to	gradational	boundaries	between	course	and	fine	layers.	
	
3.3.4	Bulk	mineralogy.		Bulk	rock	composition	is	similar	to	that	of	average	shale	(Post	 Archean	 Australian	 Shale	 (PAAS),	 but	 differs	 from	 the	 Burgess	 Shale	 or	PAAS	 in	 higher	 detrital	 quartz,	 lower	 K/Al	 (0.165,	 see	 Supplementary	information)	 and	 an	 absence	 of	 calcite	 (Table	 3.1).	 The	mineral	 assemblage	 of	chlorite-mica-quartz	and	minor/trace	of	carbon,	albite	and	illite	and	absence	of	sulphates	 is	 that	 found	 to	 be	 stable	 from	 upper	 subgreenschist	 to	 middle	greenschist	facies	(Powell,	2003).	The	absence	of	carbonate	is	a	consequence	of	the	sediment	having	passed	through	the	smectite	–	illite	transition	(S-I;	below).	Abundant	 chloritoid	 porphyroblasts	 are	 indicative	 of	 low	 greenschist	 facies	metamorphism	 (Higgins	 et	 al.,	 2001;	 equivalent	 to	 ~10km	 burial)	 and	 their	random	 orientation	 relative	 to	 bedding	 indicates	 relatively	 low-pressure	conditions	 or	 possible	 formation	during	 retrogressive	 regional	metamorphism.	Chloritoid	 is	 represented	 by	 the	 general	 formula	 (Fe,Mg,Mn)Al2SiO5(OH)2	 and	occurs	in	high	Al,	low	temperature	metapelites	(Halferdahl,	1961).		It	is	normally	formed	 through	 the	 reaction	 of	 pyrophyllite,	 a	 phyllosilicate	 clay,	 and	 chlorite	forming	chloritoid,	quartz	and	water.	During	this	reaction,	any	excess	silica	can	be	 precipitated	 as	 inclusions	 within	 the	 chloritoid.	 Quartz	 inclusions	 are	common	in	the	chloritoid	needles,	and	appear	as	irregular	shaped	grains	within	the	needle.		Total	organic	carbon	ranges	from	0.5	to	1%.	However,	Raiswell	&	Berner	(1987)	documented	 an	 exponential	 loss	 of	 organic	 carbon	 relative	 to	 vitrinite	reflectance	in	shales.	Lower	greenschist	facies	metamorphism	would	correspond	to	a	minimum	vitrinite	reflectance	of	5%	(Kish,	1987).	Projecting	the	Raiswell	&	Berner	 curve	 to	 a	 greenschist	 facies	 equivalent	 yields	 an	 estimated	 organic	carbon	preservation	of	15%.		The	initial	organic	carbon	content	of	the	SP	would	therefore	have	been	>3%;	a	value	typical	for	many	oil	source	rocks.			
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Table	 3.1:	Bulk-rock	chemistry	 (in	wt.	%)	of	 the	 low-carbonate	Burgess	Shale	metamudstones	(Walcott	Quarry,	Raymond	Quarry	and	Tuzoia	Beds	extracted	from	Powell	2003)	compared	with	the	bulk-rock	chemistry	of	SP.	
Wt. % Walcott 1 Walcott 2 Raymond Tuzoia PAAS Sirius 
Passet 
SiO2 53.71 50.34 50.10 50.63 62.8 63.46 
Al2O3 24.11 23.32 21.25 24.54 18.90 26.61 
K2O 6.75 7.07 4.15 6.15 3.70 4.39 
K/Al 0.280 0.303 0.195 0.250 0.196 0.165 
 	
3.3.5	SEM-EDAX.	Quantitative	elemental	mapping	across	a	convex	epirelief	cast	of	Buenellus	(Fig.	3.5A)	shows	typical	values	for	Si	(84%),	Al	(11%),	and	Fe	(5%)	compared	with	the	matrix	(Tables	3.2-3.4).	There	is	evidence	of	small	framboidal	pyrite	 associated	with	 the	mat	material,	which	 is	 absent	 from	 the	matrix	 (Fig.	3.5B).			
Table	 3.2:	 Results	 from	 EDAX	 (sample	 4.56)	 silt-rich	 facies	 converted	 to	 oxides	 using	 INCA	processing	software	
Spectrum	4.56	 Na2O	 MgO	 Al203	 Si02	 K20	 Fe0	 Total	1	 0.00	 1.39	 44.64	 30.04	 0.34	 23.59	 100.00	2	 0.00	 0.00	 0.49	 98.11	 0.00	 1.40	 100.00	3	 0.81	 0.73	 33.01	 56.62	 7.88	 0.95	 100.00	4	 0.00	 0.00	 9.52	 86.65	 0.51	 3.32	 100.00	5	 0.67	 1.15	 34.65	 54.60	 7.48	 1.44	 100.00	6	 0.63	 0.46	 34.98	 54.90	 8.41	 0.61	 100.00	7	 1.01	 0.79	 29.00	 61.87	 6.45	 0.88	 100.00	
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		Table	3.3:	EDAX	spectra	 from	sample	1.12	m	from	the	spotted	 facies	converted	to	oxides	using	INCA	processing	software.	
Spectrum	1.12	 MgO	 Al2O3	 SiO2	 K2O	 FeO	 Total	Spectrum	1	 12.79	 29.10	 30.90	 0.26	 26.95	 100.00	Spectrum	2	 12.53	 27.01	 30.85	 1.03	 28.58	 100.00	Spectrum	3	 14.03	 27.93	 31.86	 0.57	 26.05	 100.00	Spectrum	4	 0.00	 0.56	 97.85	 1.16	 0.43	 100.00	Spectrum	5	 1.19	 37.61	 50.86	 8.74	 1.59	 100.00	Spectrum	6	 0.69	 31.82	 58.75	 7.46	 1.29	 100.00	Spectrum	7	 0.00	 1.47	 97.56	 0.42	 0.54	 100.00	
	
Table	 3.4:	 EDAX	 spectra	 data	 from	 the	 mat	 material	 (taken	 from	 a	 cross	 section	 through	 an	epirelief	 cast	 of	 Buenellus)	 from	 sample	 340.103a.	 Converted	 to	 oxides	 using	 INCA	processing	software	
Spectrum		Sample	340.103.a	 Na2O	 MgO	 Al203	 Si02	 K20	 Fe0	 Total	1	 0.00	 0.00	 11.29	 82.96	 0.78	 4.97	 100.00	2	 0.00	 0.63	 10.67	 82.67	 1.69	 4.34	 100.00	3	 0.00	 0.00	 12.34	 80.01	 1.88	 5.68	 100.00	4	 0.00	 0.00	 11.78	 82.12	 2.41	 3.69	 100.00	5	 0.00	 0.00	 12.96	 84.67	 0.93	 1.44	 100.00	6	 0.00	 0.00	 14.95	 83.70	 1.21	 0.14	 100.00	7	 0.00	 0.00	 12.45	 82.90	 0.98	 3.67	 100.00	8.	 0.00	 0.00	 0.67	 97.34	 1.36	 0.63	 100.00			
3.3.6	SEM-CL.	Panchromatic	cathodoluminescence	analysis	shows	the	presence	of	 two	 quartz	 phases.	 Detrital	 quartz	 grains	 in	 the	 matrix	 exhibit	 true	 colour	RGB-CL	brown	shade	of	luminescence	at	around	540–550	nm	(Fig.	3.6C).	Silica	in	the	 mineralised	 mat	 and	 concave	 external	 moulds	 exhibits	 almost	 no	
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luminescence	 (Figs	 3.6D).	 Mono-CL	 of	 metamorphic	 quartz	 grains	 found	 as	inclusions	 within	 the	 chloritoid	 needle	 show	 medium	 grey	 luminosity	 and	 a	mottled	texture	(Fig.	3.6E).	These	were	compared	with	individual	grains	of	silica	associated	 with	 the	 fossils,	 which	 exhibit	 no	 luminosity	 under	 mono-CL	 and	appear	black	and	textureless	(Fig.	3.6D).			
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Figure	3.6:	A,	elemental	maps	(top	left	SEM	image	to	show	locality	of	maps)	taken	
across	the	mat	material.	Al,	Si	and	Fe	maps	shown,	notice	the	abundance	of	silica.	
Scale	 bar	 –	 20µm.	B,	 BSE	 SEM	 image	 showing	 framboidal	 pyrite	 associated	with	
the	mat	material.	Scale	bar	30µm.	C,	RGB	true	colour	CL	showing	brown	shades	of	
luminescence	in	the	matrix,	above	arrows	indicate	area	of	mat	material	which	has	
a	distinctly	different	luminosity.	D,	mono-CL	image,	bottom	half	of	image	is	matrix,	
whereas	 the	 top	 shows	 microbial	 material.	 Grains	 of	 non-luminescing	 silica	
associated	with	 the	 fossils	 have	been	outlined	 (dashed	 line).	 Scale	 bar	20µm.	E,	
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mono-CL	 image	 of	 chloritoid	 needle.	 Inclusions	 of	 metamorphic	 silica	 showing	
medium	grey	luminosity	are	outlined	(dashed	line).	Scale	bar	10µm.		
3.4	Discussion		Marine	 carbonaceous	 shales	 in	 the	 Cambrian	 were	 limited	 to	 shallow-water	regions	with	 turbulent	 circulation	 (Raiswell	&	Berner,	 1986).	 	The	presence	 in	the	SP	of	normal	and	reverse	grading,	 scouring,	and	cross	 lamination	 indicates	deposition	from	low-density	sediment	gravity	flows	at	or	just	below	storm	wave	base.	 Cross-lamination	 suggests	 sediment	 transport	 by	 ripple	 migration.	Compacted	 mud	 ripples	 have	 been	 observed	 as	 extremely	 low-angle	 cross-lamination	 in	 ancient	 mudstones	 (Komárek	 and	 Anagnostidis,	 1986)	 and	 are	consistent	 with	 sediment	 transport	 by	 mud-laden	 sediment	 gravity	 flows	(Kremer	 and	 Kazmierczak,	 2005).	 The	 presence	 of	 oversized	 clasts	 in	 the	normally	graded	sediment	suggests	flows	had	sufficient	competence	to	transport	larger	 clasts,	 such	 as	 a	 denser,	 mud-rich	 ‘slurry-flow’,	 transitional	 between	 a	turbidity	 current	 and	 a	 debris	 flow	 (Komarek	 and	 Anagnostidis,	 1986).				The	 chlorite-mica	 aggregates	 in	 the	 spotted	 facies	 could	 have	 originated	 as	primary	detrital	grains	modified	during	weathering	and	transport	or,	formed	as	the	 result	 of	 diagenetic	 or	 metamorphic	 minerals	 mimicking	 existing	sedimentary	 textures	 (see	Craig	et	al.,	 2009).	Aggregates	are	 concentrated	 into	discontinuous	 beds.	 These	 beds	 are	 sharp-based,	 normally	 graded	 with	 scour	fills	 and	 faint	 cross	 lamination.	The	aggregates	were	probably	 transported	and	size	 sorted	 at	 the	 seafloor.	 Normal	 grading	 suggests	 deposition	 was	 from	sediment	 gravity	 flows	 producing	 successive	 beds	 of	 rapidly	 accumulated	sediment	 (Best,	 2005).	 The	 fabric	 is	 primary	 and	 the	 texture	 produced	 by	metamorphism	 is	 inherited	 from	 a	 pre-existing	 sedimentary	 texture.	 Today,	aggregates	are	produced	largely	by	the	activities	of	organisms	living	in	the	water	column	 (e.g.	 through	 filter	 feeding,	 faecal	 pellet	 production,	 test	 building)	 or	random	 collisions	 between	 grains	 in	 the	 water	 column	 (McCave,	 1985).	 The	dense	 accumulations	 of	 pellets	 suggest	 these	 were	 originally	 hemipelagites	deposited	during	quiescent	periods.	
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	If	an	average	uncompacted	thickness	of	50	m	(10	m	compacted)	for	the	SP	and	an	 age	 span	 of	 ca.	 3	myr	 for	 the	 interval	 are	 taken,	 then	 a	minimum	 average,	long-term	sedimentation	rate	of	about	15	mm/kyr	is	realistic.	We	infer	that	this	high	 sedimentation	 rate	 improved	 the	 chance	 of	 the	 fossils	 being	 buried,	isolating	them	from	the	oxidizing	environment	at	the	seafloor.	Given	the	lack	of	penetrative	 burrowing,	 it	 is	 likely	 that	 pore	waters	were	 already	 anoxic	 a	 few	millimeters	below	the	seafloor.		In	modern	pericontinental	shelves,	distance	from	shore	is	a	good	proxy	for	water	depth.	The	SP	pericontinental	shelf	was	much	wider	than	modern	analogues	(Fig.	3.7).	Due	to	their	distance	from	shore,	distal,	yet	shallow-water	deposits	on	wide	shelves	 may	 have	 biological	 and	 geochemical	 characteristics	 indicative	 of	deeper-water	 facies.	 On	 very	 wide	 shelves,	 with	 sufficiently	 low	 seafloor	gradients,	incoming	waves	dissipate	their	energy	well	before	reaching	the	shore	(Keulegan	and	Krumbein,	1949).	This	may	explain	why,	despite	 the	 large	 fetch	expected	from	the	palaeogeographical	setting	of	SP,	the	shallow	seafloor	would	be	 little	 subjected	 to	 swell,	 thereby	allowing	mud	deposition.	The	seafloor	was	also	consolidated	by	mat-forming	cyanobacteria	shortly	after	deposition.	
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Figure	 3.7:	 Block	 diagram	 illustrating	 the	 depositional	 environment	 at	 Sirius	
Passet	during	the	Early	Cambrian	(modified	after	Plint	2014).		
	Similar	storm	influenced	environments	are	proposed	for	the	dark	grey	to	black	laminated	 mudstones	 of	 the	 Emu	 Bay	 Shale	 (Jago	 et	 al.,	 2012),	 the	 Alum	(Thickpenny	and	Leggett,	 1987),	 and	Burgess	 Shales	 (Gabbott	 et	 al.,	 2008).	 	 In	common	with	the	SP	these	deposits	also	lack	penetrative	bioturbation	suggesting	anoxic	 conditions	 immediately	 below	 the	 seafloor.	 The	 presence	 of	 a	 diverse	invertebrate	benthos	in	the	SP	and	an	absence	of	pyrite	framboids	in	the	matrix	indicate	 the	 lower	water	 column	was	oxic	with	 a	 sharp	 redox	boundary	at	 the	sediment-water	 interface.	 	Bioturbation	 is	 surficial	 and	 typically	only	occurs	 in	association	 with	 generally	 large	 arthropod	 carcasses	 (Mangano	 et	 al.,	 2012).		Benthic	 cyanobacteria	 were	 the	 dominant	 photoautotrophic	 and	 oxygenic	microorganisms	in	the	SP	and	could	have	produced	or	enhanced	the	oxygenated	conditions	 at	 the	 seafloor.	 	 However,	 in	 extant	 cyanobacterial	 mats,	 sulphate	reduction	of	the	biomass	can	produce	periodic	hydrogen	sulfide	(H2S)	emissions	above	 the	mat	 surface,	particularly	at	night	 (Jørgensen,	1979).	This	 could	have	been	 a	 major	 factor	 impeding	 the	 settlement	 of	 benthic	 organisms	 on	 the	seafloor.	Either,	 the	mat	dwelling	 fauna	was	ephemeral	and	able	 to	escape	H2S	emissions	 or	 had	 adapted	 a	 resistance	 to	 short-lived	 H2S	 toxicity.	 Occasional	
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massive	 H2S	 expulsion	 from	 the	 decaying	 mats	 might	 have	 led	 to	 mass	mortalities	of	the	mat	dwelling	community	(see	also	Weeks	et	al.,	2002).				Microbial	 mat	 textures	 observed	 on	 the	 concave	 external	 moulds,	 epirelief	convex	 casts	 and	 evidence	 of	 microbial	 mat	 growing	 over	 trilobites	 (see	Mangano	 et	 al.,	 2012,	 fig.	 1)	 indicate	 that	 the	 fauna	 was	 an	 autochthonous	matground	 community	 previously	 only	 known	 from	 trace	 fossil	 evidence	(Buatois	et	al.,	2014).		The	dense	 cellular	 aggregates	 comprising	 the	microbial	 textures	 are	 compared	with	colonies	of	modern	coccoid	cyanobacteria,	particularly	with	the	exclusively	benthic	Entophysalis	 or	Chlorogloea	 (e.g.	 Kremer	 and	 Kazmierczak,	 2005).	 The	globular	 structures	 (Fig.	 3.2E	 and	 Fig	 3.5C)	 resemble	 the	 encapsulated	aggregates	of	 extant	benthic	 coccoid	 cyanobacteria	Pleurocapsales,	particularly	
Chroococcidiopsis	 and	Stanieria	(Kremer	 and	Kazmierczak,	 2005;	Komarek	 and	Anagnostidis,	 1986;	 Silva	 and	 Pienaar,	 2000).	 Similar	 structures	 have	 been	documented	 from	 the	Athel	 Silicyte	 in	 the	 South	Oman	Salt	Basin,	 Sultanate	of	Oman	 by	 Rajaibi	 et	 al.,	 (2014)	 and	 provide	 evidence	 of	 microbially	 mediated	syndepositional	precipitation	of	silica.	These	genera	are	known	from	freshwater	and	marine	environments,	and	some	pleurocapsaleans	are	adapted	to	 low	light	levels	within	the	photic	zone	(Stal	and	Walsby,	2000).	Similar	material	has	been	described	 from	 the	 Proterozoic	 (Gehling,	 1999)	 and	 Silurian	 (Kremer	 and	Kazmierczak,	2005).	As	cyanobacteria	are	a	morphologically	conservative	group,	SP	specimens	are	probably	part	of	the	same	groups.			We	 propose	 that	 the	 arthropod-lobopodian	 fauna	 that	 characterizes	 the	 Sirius	Passet	inhabited	a	warm,	muddy,	matground	habitat	close	to	or	just	below	storm	wave	base,	but	within	 the	photic	 zone.	We	have	 found	no	evidence	 for	 aeolian	deposition	 of	 clay	 or	 silt	 in	 the	 field	 or	 in	 our	 thin	 sections,	 in	 contrast	 to	 the	study	by	Boudec	et	al.,	 (2014).	Primary	productivity	was	principally	by	benthic	cyanobacteria.	 	 Contemporary	 shallow	 subtidal	 to	 intertidal	 carbonate	environments	had	a	distinct	shelly	fauna	including	archaeocyathans,	halkieriids,	tommotiids,	hyoliths,	molluscs,	rare	trilobites,	and	a	variety	of	other	small	shelly	
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fossils	 of	 unknown	 affinity	 (examples	 cited	 in	 Mount	 and	 Signer,	 1985).	 	 The	rapid	appearance	in	the	geological	record	and	ecological	stability	of	the	“Burgess	Shale-type	 assemblages,”	 over	 some	 10	million	 years,	 suggest	 that	 rather	 than	being	 long-lived	 holdovers,	 successively	 displaced	 from	 the	 shallow	 water	(Mount	 and	 Signer,	 1985;	Morris,	 2009),	 these	 animals	were	members	 of	 new	Bambachian	 megaguilds	 (groups	 of	 organisms	 with	 mutually	 similar	 adaptive	strategies),	highly	specialized	and	adapted	to	the	dynamic	and	unstable	nature	of	the	tropical,	muddy	lower	shoreface	and	shelf	(Fig.	3.7).			The	 three	 dimensional	 preservation	 of	 cyanobacterial	 structure,	 the	 hyporelief	external	 moulds	 and	 particularly	 the	 epirelief	 casts	 indicate	 the	 trilobite	carapace	 remained	 intact	 long	 enough	 for	 the	 internal	 labile	 tissues	 to	decompose	and	the	body	cavity	to	be	injected	with	mat	material.	Dewatering	and	compaction	 occurs	 during	 early	 burial.	 Experimental	 and	 core	 studies	 indicate	porosity	 in	 muds	 is	 reduced	 to	 33-36%	 by	 175m	 depth.	 	 Effective	 porosity	(~70%)	 is	 lost	 by	 1	 km	 depth	 of	 burial	 (Hedberg,	 1936).	 At	 the	 inferred	sedimentation	 rates	 specimens	 that	 had	 not	 been	 permineralised	 would	 have	been	 flattened	 to	 one	 third	 the	 original	 volume	 after	 100	 kyr-1myr.	 Thus	providing	 sufficient	 time	 for	 early	 silicification	 and	 critically	 before	 the	 S-I	transition	between	1.8	 to	3.7	km	depth	of	burial.	 	Major	mineralogical	 changes	with	depth	take	place	over	the	S-I	transition	(Hower,	1976).	The	most	abundant	mineral,	 illite/smectite,	 undergoes	 a	 conversion	 from	 less	 than	 20%	 to	 about	80%	percent	 illite	 layers	 over	 this	 interval,	 after	which	 the	proportion	of	 illite	layers	remains	constant.	As	the	transition	proceeds,	illite	packets	grow	within	a	shrinking	 matrix	 of	 smectite,	 dislocations	 decrease,	 and	 pathways	 for	 ion	transport	are	restricted,	this	causes	a	loss	of	local	permeability	and	a	rise	in	the	fluid	pressure	gradient.	Consequent	loss	of	hydraulic	continuity	with	the	surface	and	a	more	efficient	geopressure,	seals	the	clay	to	fluid	flow	(Freed	and	Peacor,	1989).	In	the	S-I	transition	calcite	decreases	from	about	20%	percent	of	the	rock	to	 almost	 zero,	 disappearing	 from	 progressively	 larger	 size	 fractions	 with	increasing	 depth;	 potassium	 feldspar	 (but	 not	 albite)	 decreases	 to	 zero;	 and	chlorite	appears	to	increase	in	amount.	At	these	depths	smectite	reacts	with	Al3+	and	 K+	 from	 the	 decomposition	 of	 potassium	 feldspar	 to	 form	 illite	 with	 the	
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release	 of	 Si4+.	 Magnesium	 and	 iron	 lost	 from	 the	 smectite	 form	 chlorite	 and	ultimately	 chloritoid.	 	 The	 stable	 clay	 mineral	 assemblage	 following	 the	 S-I	transition	 is	 thus	 illite,	 quartz	 and	 chlorite.	 	 All	 the	 major	 mineralogical	 and	chemical	 changes,	 as	 the	 response	 to	 burial	 and	metamorphism,	 occurred	 in	 a	closed	system	for	all	components	except	H2O,	CaO,	Na2O,	and	CO2	(Hower	et	al.,	1976).	Reactions	during	the	S-I	transition	therefore	explain	the	absence	of	calcite	in	the	SP.		The	remaining	reactions	into	lower	greenschist	facies	metamorphism	include	 conversion	 of	 remaining	 smectite	 to	 illite	 (up	 to	 ~175oC)	 and	 the	recrystallization	of	illite	to	micas	(200-300oC:	Totten	and	Blatt,	1993).			The	timing	of	silicification	is	critical	to	understanding	the	taphonomic	pathway.		Silica	 supersaturation	 of	 pore	 fluids	 occurred	 due	 to	 the	 syn-sedimentary	remobilisation	of	biogenic	silica;	from	silica	released	during	the	S-I	transition	or	during	 greenschist	 facies	 metamorphism.	 	 Our	 key	 evidence	 for	 silicification	being	early,	shortly	after	death	includes:	1. The	3D	preservation	of	moulds	and	casts	and	cellular	textures	in	the	microbial	mat	 material	 indicate	 silicification	 occurred	 before	 compaction	 and	dewatering	 of	 the	 muds.	 The	 observation	 that	 3D	 cells	 are	 filled	 with	monocrystalline	 quartz	 preserved	 within	 the	 cyanobacterial	 mat	 material	indicates	that	silica	deposition	prior	to	dewatering	and	compaction.	Because	the	mat	material	is	porous	and	the	decay	of	labile	cell	contents	occurred	soon	after	death	it	is	unlikely	that	internal	cell	fluid	pressure	would	have	supported	the	 primary	 structures	 on	 burial.	 	 Alternately,	 decay	 gasses	 from	decomposition	 may	 have	 formed	 cavities	 (Reineck	 and	 Singh,	 1980)	 that	prevented	the	collapse	of	the	cells	prior	to	silicification.		A	similar	mechanism	of	mineral	 deposition	 in	 gas	 has	 been	 proposed	 for	 the	 formation	 of	 pyrite	framboids	 in	muds	(e.g.	Rickard,	1970)	and	silica	 infilling	of	Tasmanite	cysts	(Schieber,	1996).		That	and	the	fact	that	spherical	gas	bubbles	are	found	close	to	the	sediment	surface	has	been	documented	by	Forstner	et	al.,	(1968).	Silica	deposition	 is	 therefore	most	 likely	 to	have	occurred	very	early	 in	diagenesis	and	within	centimeters	to	decimeters	of	the	sediment-water	interface.	At	the	
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proposed	sedimentation	rates	for	the	SP	this	would	have	been	equivalent	to	a	few	thousand	years	of	deposition.	2) The	presence	of	syn-sedimentary	rip-up	clasts.	3) Microbial	 mat	 and	 convex	 external	 moulds	 are	 formed	 of	 non-luminescent,	textureless	 silica.	 Non-luminescing	 authigenic	 quartz	 lacks	 crystal	 lattice	defects	generated	during	metamorphism	or	volcanism	(Seyedolali	et	al.,	1997;	Augustsson	and	Bahlburg,	2003;	Frelinger	et	al.,	2014).	4) Metamorphic	 quartz	 inclusions	 in	 the	 chloritoid	 needles	 exhibit	 strong	luminosity	with	a	smooth	to	mottled	texture.	This	is	distinctly	different	from	the	silica	associated	with	the	fossils.	5) The	 fact	 that	 chloritoid	 needles	 cross	 cut	 all	 other	 textures	 indicates	metamorphism	occurred	after	silicification.		The	presence	of	very	early	diagenetic	silica	deposition,	excludes	a	silica	source	during	 the	 S-I	 transition	 and	 during	 diagenetic	 to	 low-grade	 metamorphic	recrystallization	 of	 illite	 to	 muscovite	 mica.	 	 Further,	 the	 early	 and	 largely	biogenic	 porosity	 within	 the	 SP	 muds	 was	 filled	 by	 silica	 and	 not	 calcium	carbonate	(compare	data	from	the	Wheeler	Formation:	Gaines	et	al.,	2005).	That	chalcedony	appears	to	have	been	the	initial	silica	phase	deposited	in	the	voids	is	not	unusual,	 first	documented	by	Folk	and	Weaver	(1952)	and	subsequently	 in	numerous	other	studies	 (e.g.	Heath	and	Moberly,	1971;	Meyers,	1977;	Frondel,	1978;	Milikem,	1979;	Noble	and	Van	Stempvoort,	1989).	The	presence	of	pyrite	framboids	 in	 the	 mat	 material	 indicates	 sulphate	 reduction	 and	 that	 pyrite	remained	a	stable	phase	through	to	greenschist	facies	metamorphism.			Decay	 experiments	 show	 that	 silica	 precipitates	 from	 low	 pH	 pore	 waters	 in	extracellular	 and	 intracellular	 environments	 within	 a	 mat	 (Krauskopf,	 1959),	particularly	 when	 the	 pore	 fluids	 have	 reduced	 dissolved	 sulphate	 (Birnbaum	and	 Wireman,	 1985;	 Schultze-Lam	 et	 al.,	 1995).	 Soluble	 silica,	 in	 the	 form	 of	monosilicic	 acid,	 H4SiO4,	 dissociates	 to	 H3SiO4–	 at	 pH	 values	 above	 ca.	 9.7	(Birnbaum	and	Wireman,	1985;	Arp	et	al.,	2003).	H3SiO4–	is	a	highly	soluble	form	of	silicic	acid,	and	it	reacts	with	hydrogen	ions	to	form	SiO2	(Rickert	et	al.,	2002,	
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fig.	 3).	 	 Silica	 nucleation	 and	 precipitation	 is	 sensitive	 to	 iron	 content	 of	bottom/pore	water	and,	in	early	Cambrian	seawater,	Fe2+	appears	to	have	been	high	 relative	 to	 FeOOH	 (Muscente	 et	 al.,	 2014).	We	 hypothesize	 that	 sediment	water	 was	 saturated	 in	 silica,	 high	 in	 Fe2+,	 and	 low	 in	 oxygen	 and	 sulphate.	Localised	pH	reduction	was	associated	with	the	decay-initiated	silica	nucleation	and	precipitation	within	 the	mat.	 Silica	 saturated	pore	waters	 could	have	been	derived	 from	 the	 siliciclastic	 mud,	 by	 remobilisation	 of	 biogenic	 silica	 (e.g.	sponge	spicules),	or	from	the	overlying	seawater.			Early	 silicification	 as	 a	mechanism	 of	 exceptional	 preservation	 is	 rare	 outside	volcanic	 hot	 springs	 and	 a	 number	 of	 hypotheses	 for	 silicification	 have	 been	proposed:	1)	direct	precipitation	 into	void	 spaces;	2)	microbial	mediated	silica	precipitation	 (Schultze-Lam	 et	 al.,	 1995;	 Yee	 et	 al.,	 2003)	 and,	 3)	 chemically	mediated	silica	precipitation	 (Patwardhan	et	al.,	2011).	 It	has	been	shown	 that	microbial	 surfaces	 do	 not	 directly	 nucleate	 silica	 mineral	 formation	 however	they	 play	 an	 important	 role	 in	 the	 aggregation	 of	 polymeric	 silica	 and	 the	deposition	of	silica	colloids	on	microbial	surfaces	(Patwardhan	et	al.,	2011).	For	example	 in	 in	modern	 hot	 spring	 environments,	 silica	 sinters	 actively	 form	 in	close	spatial	relation	to	microorganisms	(Yee	et	al.,	2003	and	references	within).		Decay	compounds,	proteins	and	amino	acids	are	all	known	to	affect	the	kinetics,	surface	 area	 of	 material,	 pore	 structure	 and	 particle	 size	 and	 are	 therefore	implicated	 in	 silicification	 (Perry	 and	 Keeling-Tucker,	 2003).	 At	 present	 we	cannot	distinguish	between	the	different	mechanisms	proposed	for	silicification	and	all	may	have	been	important.		Figure	3.8	shows	our	preferred	taphonomic	pathway.	We	propose	that	Buenellus	was	 the	 dominant	member	 of	 the	matground	 community	 preserved	 in	 the	 SP.	After	death,	the	carapace	was	sealed	by	the	growth	of	the	microbial	mat.	During	early	 burial	 internal	 labile	 tissues	 decayed,	mat	material	was	 injected	 into	 the	carcass	 to	produce	epirelief	casts.	The	subsequent	decay	of	 the	 trilobite	cuticle	produced	external	moulds.		All	voids	spaces	were	progressively	infilled	by	silica	as	a	 consequence	of	 localised	pH	reduction,	 associated	with	decay,	occurred	 in	the	 pore	 waters.	 	 Specimens	 were	 clearly	 permineralised,	 preserved	 in	 3D,	
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before	significant	dewatering	of	the	muds	had	taken	place.	Subsequent	chemical	reactions	 associated	 with	 the	 S-I	 transition	 and	 low	 greenschist	 facies	metamorphism	did	not	materially	affect	the	preservation	of	the	specimens.				
	
Figure	 3.8:	 Chemical	 pathways	 leading	 to	 the	 precipitation	 of	 silica	 and	 the	
reconstructed	taphonomy	of	Buenellus.		
		Similar	“death	mask”	preservation	has	been	described	for	the	external	moulds	of	soft-bodied	 Ediacaran	 biotas	 from	 the	 uppermost	 Proterozoic	 Rawnsley	Quartzite,	South	Australia.	Though,	in	this	example	the	sole	veneer	resulted	from	bacterial	precipitation	of	iron	minerals	(Gehling,	1999).	 	A	number	of	Cambrian	Lagerstätten	are	characterized	by	pyritization	of	soft-bodied	fossils,	for	example	Chengjiang	 and	 Guanshan	 (Gabbott	 et	 al.,	 2004;	 Forchielli	 et	 al.,	 2014)),	secondary	coating	by	 iron	(e.g.	Emu	Bay:	Brett	et	al.,	2009),	or	phosphatisation	(Zhu	et	al.,	2014).	Silica	death	mask	preservation	 thus	appears	 to	be	unique	 to	the	SP.		
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3.5	Conclusions		 The	 arthropod-lobopdian	 fauna	 that	 characterizes	 the	 Sirius	 Passet	inhabited	a	warm,	muddy,	matground	habitat	close	to	or	just	below	storm	wave	base,	but	within	the	photic	zone.	Primary	productivity	was	principally	by	benthic	cyanobacteria.	 	 Trilobites	 from	 the	 SP	 are	 preserved	 as	 complete,	 concave	hyporelief	 external	 moulds	 and	 convex	 epirelief	 casts.	 External	 moulds	 are	shown	 to	 consist	 of	 a	 thin	 veneer	 of	 authigenic	 silica.	 The	 casts	 are	 silicified	cyanobacterial	mat	material.	Early	silicification	is	supported	by	the	presence	of	syn-sedimentary	mat	rip-up	clasts,	3D	preservation	which	indicates	silicification	prior	to	sediment	compaction	and	textural	and	mono-CL	evidence.	 	The	growth	of	 metamorphic	 chloritoid	 needles,	 which	 cross	 cut	 the	 silica	 in	 the	 matrix,	indicates	 metamorphism	 occurred	 much	 later.	 It	 is	 hypothesised	 that	silicification	 was	 initiated	 by	 falling	 pH	 in	 the	 decaying	 mat.	 Pore	 waters	 are	interpreted	 to	have	been	 initially	 alkali,	 silica	 saturated,	 high	 in	 ferric	 iron	but	low	 in	 oxygen	 and	 sulphate.	 Excess	 silica	was	 likely	 derived	 from	 remobilised	biogenic	silica,	probably	sponge	spicules	in	the	muddy	sediment.	Decay	resulted	in	a	lowering	of	pore	water	pH	and	the	conditions	necessary	for	silicification.	It	is	not	clear	whether	silicification	was	microbially-	or	chemically	mediated.				The	remarkable	preservation	during	very	early	silica	mineralisation	provides	a	new	window	on	 the	 environment	 and	 location	of	 the	Cambrian	Explosion.	The	iconic	 organisms	 of	 the	 Cambrian	 Explosion	 formed	 the	 first	 mat	 ground	communities.		At	least	in	the	case	of	the	SP	the	presence	of	cyanobacterial	mats,	sealing	both	 the	 sediments	 and	 fossils	was	 fundamental	 to	 the	preservation	of	this	 community.	 With	 the	 rise	 of	 mat	 grazing	 organisms	 during	 the	 later	Cambrian	this	taphonomic	window	disappeared.			
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Chapter	4.	Minerals	in	the	gut:	Scoping	a	
Cambrian	digestive	system	–	A	detailed	study	on	
the	three-dimensionally	preserved	guts	of	
Campanamuta	mantonae	
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4.1	Abstract			In	this	chapter	we	look	at	another	common	mode	of	preservation	present	in	the	Sirius	 Passet	 Lagerstätte,	 the	 presence	 of	 three-dimensional	 axial	 traces,	including	gut	 tracts,	diverticulae	and	muscle	 tissue.	A	version	of	 this	chapter	 is	published	 in	 Royal	 Society	 Open	 Science	 (Appendix	 III).	 Three-dimensionally	preserved	gut	tracts	are	a	key	preservation	style	which	typifies	the	SP,	therefore	critical	to	our	understanding	of	the	overall	taphonomy	of	the	Lagerstätte.	We	use	SEM,	SEM-CL	and	optical	microscopy	 to	 look	at	 the	non-mineralized	arthropod	
Campanamuta	mantonae,	which	 exhibits	 exceptional	 preservation	 of	 gut	 tracts	and	muscle	tissue.	The	detailed	methodology	is	outlined	in	chapter	1,	section	1.6.	The	Sirius	Passet	Lagerstätte	of	North	Greenland	contains	the	first	exceptionally	preserved	 mat-ground	 community	 of	 the	 Cambrian,	 dominated,	 in	 terms	 of	abundance,	by	trilobites	but	particularly	characterized	by	iconic	arthropods	and	lobopods,	 some	 also	 occurring	 in	 the	 Burgess	 shale.	 High-resolution	photography,	 scanning	 electron	 imaging	 and	 elemental	 mapping	 have	 been	carried	 out	 on	 a	 variety	 of	 specimens	 of	 the	 non-mineralized	 arthropod	
Campanamuta	 mantonae	 (Budd,	 2011)	 which	 has	 three-dimensional	 gut	 and	muscle	preservation.	Results	show	that	the	guts	contain	a	high	concentration	of	calcium	 phosphate	 (approximating	 to	 the	 mineral	 francolite),	 whereas	 the	adjacent	muscles	are	silicified.	This	indicates	a	unique,	tissue-specific	taphonomy	for	 this	 Cambrian	 taxon.	 We	 hypothesize	 that	 the	 precipitation	 of	 calcium	phosphate	 in	 the	 guts	 occurs	 rapidly	 after	 death	 by	 ‘crystal	 seed’	 processes	 in	suboxic,	slightly	acidic	conditions;	critically,	the	gut	wall	remained	intact	during	precipitation.	 We	 postulate	 that	 the	 calcium	 phosphate	 was	 derived	 from	ingested	cellular	material.	Silicification	of	 the	muscles	 followed	as	 the	 localized	water	chemistry	became	saturated	in	silica,	high	in	Fe2+,	and	low	in	oxygen	and	sulfate.	 We	 document	 here	 the	 unique	 occurrence	 of	 two	 distinct	 but	mechanistically	 similar	 taphonomic	 pathways	 within	 a	 diverse	 suite	 of	possibilities	in	an	Early	Cambrian	Lagerstätte.					
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4.2	Introduction		The	 fossil	 record	 offers	 us	 invaluable	 insights	 into	 important	 intervals	 in	 the	history	of	life.	The	record	is	however	generally	biased	by	poor	preservation,	and	even	 in	 exceptionally	 preserved	 specimens	 from	 fossil	 Lagerstätten,	 there	 is	potential	for	key	traits	to	be	removed	by	decay.	Sites	that	can	be	demonstrated	to	have	 very	 early,	 soft	 tissue	 preservation	 not	 only	 provide	 insights	 into	taphonomic	 processes,	 but	 are	 also	 critical	 for	 reconstructing	 ancient	communities	 and	phylogenies	 (Sansom	et	 al.,	 2010).	This	becomes	particularly	important	 when	 considering	 the	 very	 earliest	 radiations	 of	 bilaterian	 animals	during	 the	 Cambrian	 explosion	 and	 hypotheses	 of	 likely	 ancestors	 in	 the	Ediacara	biota.	A	 list	of	elements	of	 the	Sirius	Passet	 (SP)	 fauna	 is	provided	by	Peel	&	Ineson	(2011).			The	 Lower	 Cambrian	 black	 shales	 of	 SP,	 North	 Greenland	 preserve	 the	 oldest	known	 examples	 of	 soft-bodied	 fossils	 from	 the	 Cambrian	 explosion	 together	with	 more	 typical	 Cambrian	 skeletal	 animals.	 These	 include	 trilobites,	 other	arthropods,	lobopods,	halkieriids	and	sponges	(Conway	Morris	and	Peel,	2008).	The	 fauna	 is	broadly	similar	 to	 that	 found	 in	 the	younger	Burgess	shale	(Smith	and	Harper,	2013).	The	SP	is	located	in	J.	P.	Koch	Fjord,	N.	Greenland,	at	82°47.6′	N,	 42°13.7′	W	 and	 during	 the	 Cambrian	 lay	 at	 approximately	 10°	 S	 (Peel	 and	Ineson,	2011).	The	locality	was	included	in	the	‘transitional’	Buen,	and	the	fauna	represents	 the	 earliest	 Cambrian	 community	 with	 exceptional	 preservation	together	with	 evidence	 for	microbial	mats,	 predating	 the	 Burgess	 shale	 by	 10	Myr	(Peel	and	Ineson,	2011).	Buenellus	higginsi	is	the	most	common	macrofossil,	indicative	of	the	Laurentian	Atdabanian/Botomian	boundary,	at	the	top	of	stage	3	to	the	base	of	stage	4,	occurring	between	511	and	521	Myr.	However,	precise	correlation	 of	 the	 unit	 remains	 a	 subject	 of	 debate.	 The	 detailed	 petrography,	mineralogy	and	metamorphic	history	were	described	by	Strang	et	al.	(2016)	and	these	 properties	 are	 only	 outlined	 here.	 The	 shales	 are	 a	 poorly	 sorted	 mix	largely	 consisting	of	quartz	 (60–65%),	 clay	minerals,	 chloritoid	porphyroblasts	(indicating	 low	 P/T	 greenschist	 facies	metamorphism)	 and	 silicified	microbial	
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mat	material.	A	detailed	description	of	the	depositional	environment,	dating	and	metamorphic	history	has	recently	been	presented	(Strang	et	al.,	2016).			The	SP	exhibits	a	diversity	of	 taphonomic	pathways;	 for	example,	 the	trilobites	from	the	SP	are	preserved	as	complete,	concave	hyporelief	external	moulds	and	convex	epirelief	casts.	External	moulds	are	shown	to	consist	of	a	thin	veneer	of	authigenic	 silica.	 The	 casts	 are	 composed	 of	 silicified	 cyanobacterial	 mat	material.	Early	silicification	is	supported	by	the	presence	of	synsedimentary	mat	rip-up	clasts,	three-dimensional	preservation,	which	indicates	silicification	prior	to	 sediment	 compaction	 and	 textural	 and	 mono-CL	 evidence.	 The	 growth	 of	metamorphic	chloritoid	needles,	which	crosscut	the	silica	in	the	matrix,	indicates	that	metamorphism	occurred	much	later.	Silicification	was	initiated	by	falling	pH	in	 the	 decaying	mat.	 Pore	 waters	 are	 interpreted	 to	 have	 been	 initially	 alkali,	silica-saturated,	 high	 in	 ferric	 iron	 but	 low	 in	 oxygen	 and	 sulfate.	 Excess	 silica	was	likely	derived	from	remobilized	biogenic	silica,	probably	sponge	spicules	in	the	 muddy	 sediment.	 It	 is	 not	 clear	 whether	 silicification	 was	 microbially	 or	chemically	 mediated.	 The	 presence	 of	 cyanobacterial	 mats,	 sealing	 both	 the	sediments	 and	 fossils	 was	 however	 fundamental	 to	 the	 preservation	 of	 this	community.			
Campanamuta	mantonae	 (Budd,	 2011)	 is	 also	 a	 common	 arthropod	 in	 the	 SP	fauna	 and	 is	 non-mineralized.	 Approximately	 1700	 specimens	 have	 been	reported	 to	 date	 (Budd,	 2011).	 Specimens	 are	 flattened	 but	 preserve	 three-dimensional	 axial	 traces,	 including	 gut	 tracts,	 diverticulae	 and	 muscle	 tissue	(Budd,	 2011).	 The	 parts	 and	 counterparts	 often	 show	 different	 anatomical	details	 in	 the	 axial	 region	 and	 sometimes	 exhibit	 cavities	 (Budd,	 2011).	Distinguishing	whether	these	cavities	are	the	original	anatomical	features	of	the	organism	or	are	voids	left	by	the	later	decay	of	soft	parts	or	minerals	is	hard	to	determine.	 Budd	 (2011)	 argued	 that	 the	 fossils	 are	 mostly	 (or	 completely)	replacements	 of	 the	 original	 tissues,	 rather	 than	 preserved	 as	 moulds	 (Budd,	2011).	 In	 this	 chapter,	 we	 describe	 the	 taphonomy	 of	 these	 specimens	 and	propose	 a	 taphonomic	 model	 for	 elements	 of	 the	 SP	 that	 enhances	 in	 some	respects	 closer	 comparison	 with	 Lagerstätten	 from	 the	 Neoproterozoic	 than	
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those	 from	the	Late	Cambrian.	The	preservation	of	gut	contents	also	allows	for	an	interpretation	of	the	mode	of	life	of	C.	mantonae.			
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Figure	4.1:	Diagram	shows	the	main	features,	appendages	and	internal	anatomy	of	
Campanamuta	mantonae.	Photo	inlay	is	a	specimen	of	C.	mantonae	(MGUH	31567)	
that	 shows	 the	 gut	 tract	 and	 diverticulae	 which	 are	 most	 readily	 preserved.	
Specimen	is	2	cm	wide.		
	
4.3	Specimens			The	 numbered	 specimens	 (MGUH	 31567–31572)	 including	 thin	 sections	 are	reposited	 in	 the	 Natural	 History	 Museum	 of	 Denmark	 (Geological	 Museum),	University	of	Copenhagen.	Budd	(2011)	described	the	anatomy	of	C.	mantonae	in	considerable	 detail.	 It	 is	 a	 relatively	 large	 arthropod	 (mean	 length	 approx.	 65	mm	and	width	35	mm)	comprising	three	segments,	with	a	smooth	exoskeleton	and	 a	 semicircular	 cephalic	 shield.	 The	 main	 morphological	 features	 are	illustrated	in	figure	4.1.	The	external	morphology	is	not	well	preserved.	The	only	preserved	 internal	 anatomy	 is	 situated	 in	 the	 axial	 region	 and	 consists	 of	 the	main	digestive	structures	(Fig.	4.1).	In	rare	specimens,	the	outline	of	the	stomach	
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can	 be	 identified,	 situated	 anteriorly	 in	 the	 cephalon.	 The	 gut	 tract	 extends	posteriorly	 where	 it	 terminates	 at	 the	 anus.	 The	 triangular	 diverticulae	 are	paired	not	only	on	either	side	of	the	gut,	but	also	extend	down	towards	the	anus	(Fig.	4.1).			
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4.4	Results	
	In	 specimens	with	digestive	 structures	preserved,	 usually	 there	 is	 only	 limited	preservation	 of	 the	 outer	 appendages.	 The	 area	 of	 the	 specimens	 outside	 the	axial	 region	 is	 visible	 as	 a	 thin,	dark	 film	of	 silica.	When	preserved,	bundles	of	muscle	fibres	adjacent	to	the	digestive	tract	are	yellow	in	colour	and	have	three-dimensional	 relief.	 The	 muscle	 fibres	 track	 transversely	 and	 outwards	 from	beside	the	diverticulae	towards	the	thoracic	tergites	(Fig.	4.1)	and	exhibit	well-preserved,	 oblique,	 micrometre-scale	 striations	 (figure	 4.3A).	 	 The	 gut	 of	 C.	
mantonae	 is	 a	 broad	 tube-like	 structure,	 which	 runs	 down	 the	 central	 axis,	terminating	at	the	anus	(see	also	[Budd,	2011	fig.	1]).	In	the	cephalic	region	(Fig.	4.1),	the	digestive	tract	consists	of	a	sclerotized	oesophagus	which	leads	into	the	stomach,	 situated	behind	 the	head.	The	diverticulae	 are	 segmented	 and	paired	and	open	out	from	the	gut	(Budd,	2011:	fig.	1).	The	anus	is	clearly	defined	by	a	ring	of	plates	(Budd,	2011:	fig.	5a,b).		
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Figure	 4.2:	 SEM	 and	 BSE	 images	 of	 the	 phosphate	 contained	 in	 the	 gut	 of	 C.	
mantonae.	A.	SEM	image	of	a	cross	section	taken	through	a	sample	of	C.	mantonae	
(MGUH	31568),	light	grey	material	is	phosphatised.	Small	pyrite	framboids	can	be	
seen.	 Scale	 bar,	 50	 μm.	 B.	 BSE	 image	 showing	 spherical	 texture	 of	 phosphate	
nodules	 in	sample	MGUH	31569.	Scale	bar,	100	μm.	C.	Higher	magnification	SEM	
image	shows	spherical	phosphate	interpreted	as	possible	microbial	moulds.	Scale	
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bar,	 20	 μm	 (MGUH	 31569).	 D.	 High-resolution	 SEM	 image	 showing	 a	 pyrite	
framboid	within	the	phosphate	clusters.	Scale	bar,	10	μm	(MGUH	31569).		
		Three-dimensional	gut	traces	contain	high	concentrations	of	calcium	phosphate	(Ca3(PO4)2;	 table	 4.1)	 approximating	 to	 the	mineral	 francolite.	 There	 are	 some	traces	of	Si,	Al	and	Fe	but	 these	are	very	minor	and	probably	derived	 from	the	matrix.	 Phosphatization	 extends	 along	 the	 entire	 gut	 tract	 to	 the	 anus.	 The	phosphatized	 areas	 have	 a	 sponge-like	 texture	 composed	 of	 small	 (less	 than	 5	μm	 in	 diameter)	 spheres	 (Fig.	 4.2B-C)	 organized	 into	 layers	 (Fig.	 4.2A).	 The	layers	commonly	contain	small	(less	than	10	μm)	pyrite	framboids.	There	is	no	visible	 evidence	 for	 preserved	 biological	 material	 or	 sediment	 grains.	 In	 thin	section,	 the	boundary	between	 the	 gut	 trace	 and	 the	 sediment	below	 is	 sharp;	there	is	no	evidence	in	either	hand	specimen	or	thin	section	of	preserved	cuticle.		
	Table	4.1:	EDAX	data	for	phosphatized	regions	in	sample	SP0511.	Data	given	in	%.		
Spectrum	 Al	 Si	 P	 K	 Ca	 Fe	 O	 Total	Spectrum	1	 0.44	 0.69	 18.36	 0.00	 38.53	 1.34	 40.65	 100.00	Spectrum	2	 2.68	 4.89	 11.00	 0.00	 37.65	 5.13	 38.65	 100.00	Spectrum	3	 0.00	 0.00	 18.60	 0.00	 41.01	 0.00	 40.39	 100.00	Spectrum	4	 0.67	 1.42	 19.67	 0.00	 36.18	 0.00	 42.06	 100.00	Spectrum	5	 0.56	 0.59	 19.05	 0.50	 36.26	 2.19	 40.94	 100.00			EDAX	 data	 confirm	 that	muscle	 fibres	 are	 composed	 of	 finely	microcrystalline	silica	 (table	 4.2)	 with	 very	 minute	 traces	 of	 Mg,	 possibly	 derived	 from	 the	surrounding	matrix.	The	preservation	of	 these	 is	 relatively	unvaried	and	 forms	distinct	aligned	blocks	of	muscle	fibres,	arranged	in	situ.	The	outer	surfaces	have	a	spherulitic	texture	at	the	micrometre	scale	(Fig.	4.3A).	An	approximately	5μm	thick	 layer	 of	 silica	 occurs	 at	 the	 edges	 of	 the	 phosphatized	 region	 (Fig.	 4.2A).	SEM-CL	indicates	the	silica	has	very	low	luminosity	with	no	distinct	colour	under	both	monochromatic	filter	and	RGB	filters	(Fig.	4.3D).			
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Table	4.2:	EDAX	data	for	silicified	regions	in	sample	SP0511.	Data	given	in	%.		
Spectrum	 Al	 Si	 P	 K	 Ca	 Fe	 O	 Total	Spectrum	1	 0.32	 45.80	 0.00	 0.00	 0.00	 1.11	 52.78	 100.00	Spectrum	2	 0.00	 46.74	 0.00	 0.00	 0.00	 1.00	 52.86	 100.00	Spectrum	3	 0.00	 46.74	 0.00	 0.00	 0.00	 0.00	 53.26	 100.00	Spectrum	4	 0.00	 45.76	 0.00	 0.00	 0.00	 0.00	 52.68	 100.00	Spectrum	5	 2.80	 43.12	 0.00	 0.64	 0.00	 1.32	 52.12	 100.00		
A B
C D
	
Figure	 4.3:	 SEM,	 BSE	 and	 SEM-CL	 images	 of	 the	 silicified	 muscle	 tissue.	 A.	 BSE	
image	 shows	 silicified	 muscle	 tissue.	 Scale	 bar,	 20	 μm	 (MGUH	 31568).	 B.	 SEM	
image	of	muscle	tissue	shows	fibrous	nature	and	small	spherical	nodules	of	silica.	
Scale	bar,	20	μm	(MGUH	31570).	C.	BSE	image	showing	truncated	silicified	muscle	
tissue.	Scale	bar,	20	μm	(MGUH	31571).	D.	SEM-CL	image	showing	low	monotone	
grey	 luminosity	 of	 the	 silica	 in	 the	 muscles,	 indicating	 similar	 formation	
conditions	as	that	found	in	Buenellus	(Strang	et	al.,	2016)	(MGUH	31572).		
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4.5	Discussion			The	key	drivers	of	decay	are	autolysis	and	microbial	activity,	and	the	latter	is	a	key	 mediator	 in	 autogenic	 mineralization	 of	 soft	 tissues	 (Butler	 et	 al.,	 2015).	Microbial	 communities	 have	 the	 highest	 surface	 area	 to	 volume	 ratio	 of	 any	group	 of	 living	 organisms	 and	 this	 combined	 with	 the	 abundance	 of	 charged	chemicals	 and	molecules	 on	 their	 surface	makes	 them	 ideal	 environments	 for	mineral	 nucleation	 and	 precipitation	 (Douglas	 and	 Beveridge,	 1998).	 The	 gut	traces	 in	 C.	 mantonae	 are	 preserved	 almost	 exclusively	 as	 francolite.	 The	preservation	 of	 the	 three-dimensional	 structure	 indicates	 early	 mineralization	prior	 to	 the	compaction/collapse	of	 the	gut.	Three-dimensional	preservation	of	the	 gut	 is	 also	 commonly	 observed	 in	 a	 variety	 of	 taxa	 from	 Cambrian	 (and	younger)	Lagerstätten,	 indicating	the	gut	is	the	most	readily	preserved	internal	structure.	 Examples	 include	 the	 Burgess	 shale	 arthropod	 Leanchoilia,	 Odaria,	
Canadaspis,	 Perspicaris,	 Sidneyia,	 Anomalocaris	 and	Opabinia	which	 all	 possess	phosphatized	midgut	structures	in	their	axial	region	(Butterfield,	2002;	Lin	and	Briggs,	2010)	Myoscolex,	an	Early	Cambrian	arthropod	from	the	Emu	Bay	shale,	is	 described	 as	 having	 only	 its	 trunk	 muscles	 phosphatized,	 which	 is	 in	 stark	contrast	 to	 the	 preservation	 in	 the	 SP	 (Briggs	 and	Nedin,	 1997).	 Phosphatized	muscles	are	also	 found	associated	with	hard	parts	 in	 the	Mesozoic,	 such	as	 the	muscle	 tissue	 in	 the	 horseshoe	 crab	 Mesolimulus	 (Briggs	 et	 al.,	 2005)	 and	preservation	 of	 muscles	 in	 phosphate	 from	 the	 Konservat-Lagerstätten	 in	Lebanon	(Wilson	et	al.,	2016).		The	 close	 proximity	 of	 distinct	 tissues	with	 distinct	 taphonomies	 is	 extremely	unusual.	 Experimental	 decay	 studies	 of	modern	 brine	 shrimp	Artemia	 indicate	chemistry	of	 the	gut	contents	and	 the	presence	of	endogenous	bacteria	are	 the	key	factors	in	creating	a	unique	microenvironment	in	which	the	gut	is	preserved	(Butler	et	al.,	2015).	The	nature	of	the	preservation	of	the	surrounding	tissues	is	dependent	 on	 whether	 the	 gut	 wall	 remains	 intact.	 If	 the	 gut	 ruptures,	 the	endogenous	microbes	 leak	 into	 the	 body	 cavity	 where	 they	 control	 the	 tissue	preservation	through	mineral	templating	(Butler	et	al.,	2015).	In	the	C.	mantonae	specimens	 from	 the	 SP,	 only	 the	 gut	 is	 phosphatized,	 and	 the	 remaining	 axial	tissues	and	structures	are	preserved	as	silica	replacement.	This	would	 indicate	
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the	gut	wall	remained	intact	and	that	endogenous	bacteria	remained	within	the	gut	and	were	responsible	for	the	preservation	of	the	gut.		Phosphatization	and	silicification	occur	under	markedly	different	environmental	and	 chemical	 conditions	 (Muscente	 et	 al.,	 2014).	 Phosphatization	 is	 widely	recognized	 in	 the	 preservation	 of	 soft	 tissues	 (Douglas	 and	 Beveridge,	 1998;	Wilby	et	al.,	1996).	There	are	two	sources	of	phosphate:	(i)	from	the	breakdown	of	organic	matter	during	bacterial	sulfate	reduction	and	(ii)	phosphate	can	also	be	released	from	absorption	sites	on	ferric	oxyhydroxide,	during	reduction	of	the	iron	 (Fe3+	 >	 Fe2+	 (Krom	 and	 Berner,	 1980).	 Phosphatization	 occurs	predominantly	in	a	suboxic	environment	within	the	upper	few	centimetres	of	the	sediment	 (Jahnke	 et	 al.,	 1983),	 at	 lowered	 pH	 induced	 by	 decaying	 organic	matter	 and	 with	 sufficient	 time	 under	 these	 conditions,	 free	 from	 scavengers	(Wilby	et	al.,	1996;	Lerosey-Aubril	et	al.,	2012).			Decay	experiments	have	 shown	 that	 the	digestive	and	other	 internal	organs	of	marine	 arthropods	 are	 particularly	 prone	 to	 rapid	 decay	 (2–3	 days)	 and	liquidation	 under	 open,	 aerobic	 conditions	 at	 room	 temperature	 (Butler	 et	 al.,	2015;	Hof	and	Briggs,	1997).	Butler	et	al.,	(2015)	also	showed	that	the	carcass	of	the	brine	shrimp	was	rapidly	consumed	(2–3	days)	by	endogeneous,	gut-derived	microbes	 and	 pervasive	 phosphatization	 of	 the	 internal	 tissues	 occurred	following	the	rupture	of	the	gut	wall.	Decay	rarely	 lasts	 longer	than	one	month	(Fatka	et	al.,	2015).	By	inference,	the	three-dimensional	preservation	of	the	guts	in	the	C.	mantonae	specimens	must	have	started	very	early	after	the	death	of	the	organism	when	the	gut	wall	remained.	The	precipitation	of	calcium	phosphate	is	favoured	 over	 calcium	 carbonate	 under	 slightly	 acidic	 marine	 conditions	(Lerosey-Aubril	et	al.,	2012).		Both	 sulfide-oxidizing	 bacteria	 (SOB)	 and	 sulfate-reducing	bacteria	 (SRB)	have	been	 implicated	 in	 the	 precipitation	 of	 phosphate	 in	 the	 marine	 environment	(Briggs	 and	 Nedin,	 1997;	 Briggs	 et	 al.,	 2005;	 Briggs,	 2003,	 Wilby	 and	 Briggs,	1997).	 SOB	 are	 able	 to	 store	 polyphosphate	 under	 oxic	 conditions,	 this	polyphosphate	being	used	as	an	additional	energy	source	(Schulz	and	Schulz	et	al.,	2005).	Examples	of	SOB	include	Thioploca,	Beggiatoa	and	Thiomargarita,	and	
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these	 taxa	 are	 major	 components	 in	 the	 benthic	 sulfur	 cycle,	 where	 they	reoxidize	 sulfide	 (Arning	 et	 al.,	 (2009)	 and	 references	 therein).	 SRB	 facilitate	phosphate	 precipitation	 by	 increasing	 the	 phosphate	 concentrations	 in	 pore	waters	 through	 the	 decay	 of	 organic	matter.	Degradation	 of	 organic	matter	 by	SRB	 is	a	predominantly	anaerobic	process,	where	supersaturation	with	respect	to	phosphate	is	commonly	reached	(Arning	et	al.,	2009).	The	presence	of	pyrite	framboids	within	the	phosphate	supports	the	role	of	SRB	in	the	release	of	PO4−	from	 the	 organic	 gut	 contents,	 from	 either	 ingested	 seawater	 or	 iron-	 rich	sediment	 (see	also	Butterfield,	 (2002)).	We	have	no	evidence	 from	 imaging	 for	the	 presence	 of	 sediment	 particles	 within	 the	 gut	 material	 and	 conclude	 the	phosphate	 was	 derived	 from	 ingested	 organic	 material.	 Furthermore,	 the	absence	of	phosphate	 in	the	rock	matrix	also	suggests	 it	came	from	an	internal	source.		The	 molecular	 initiation	 and	 aggregation	 of	 silica	 plays	 a	 major	 role	 in	biosilicification	and	the	presence	of	proteinaceous	material	resulting	from	decay	(Belton	 et	 al.,	 2004).	 In	 microbially	 mediated	 silica	 precipitation,	 it	 has	 been	shown	that	microbial	surfaces	do	not	directly	nucleate	silica	mineral	formation;	however,	they	play	an	important	role	in	the	aggregation	of	polymeric	silica	and	the	deposition	of	silica	colloids	on	microbial	surfaces,	for	example	in	modern	hot	spring	 environments,	 silica	 sinters	 actively	 form	 in	 close	 spatial	 relation	 to	microorganisms	(Yee	et	al.,	(2003)	and	references	within).	In	the	former,	direct	precipitation	of	silica	into	void	spaces	is	the	likely	scenario	in	the	SP	(Strang	et	al.,	2016).	Sedimentary	factors	that	control	silicification	are	the	permeability	of	sediment,	 silica	 availability	 (both	 in	 the	 pore	 waters	 and	 sediment)	 and	 the	concentration	of	organic	matter	(Butts,	2014	and	references	therein;	Akahane	et	al.,	 2004).	 Silica-rich	 pore	 waters	 were	 likely	 derived	 from	 remobilization	 of	biogenic	 silica	 from	 sponge	 spicules	 (Strang	 et	 al.,	 2016).	 Soluble	 silica,	 in	 the	form	of	monosilicic	acid,	H4SiO4,	dissociates	to	H3SiO4–	at	pH	values	above	ca	9.7	(Birnbaum	and	Wireman,	1985;	Arp	et	al.,	2003).	H3SiO–	is	a	highly	soluble	form	of	silicic	acid,	and	it	reacts	with	hydrogen	ions	to	form	SiO2	(Rickert	et	al.,	2002:	fig.	3).		
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Silica	precipitation	is	sensitive	to	the	iron	content	of	bottom/pore	waters	and	in	Early	 Cambrian	 seawater	 and	 Fe2+	 appears	 to	 be	 high	 relative	 to	 FeOOH	(Muscente	et	al.,	2014).	Unlike	 the	 trilobite	specimens,	silicification	 in	 the	non-mineralized	C.	mantonae	 is	 restricted	 to	 the	muscles.	Muscle	 tissue	 in	modern	arthropods	is	composed	of	actin	and	myosin	(Neville,	2012)	and	it	is	likely	that	muscle	 tissue	 in	 extinct	 arthropods	 had	 a	 similar	 composition.	 While	 the	involvement	of	microbes	in	silica	precipitation	cannot	be	directly	excluded,	more	extensive	mineralization	of	all	 the	 tissues	might	be	expected.	Alternatively,	 the	arrangement	 of	 muscles	 into	 micrometre-scale	 fibres	 provides	 an	 excellent	substrate	for	silica	precipitation,	as	it	creates	a	large	surface	area	comprising	the	reactive	 proteinaceous	 and	 amino	 acids	 necessary	 for	 initial	 silica	 aggregation	(Butts,	 2014).	 Three-dimensionally	 preserved	 internal	 organs	 have	 also	 been	documented	 from	 the	 Burgess	 shale	 in	 the	 Stephen	 formation	 (Cambrian)	(Butterfield,	 2002)	 annelids	 from	 the	 Cretaceous	 Konservat-	 Lagerstätten	 of	Hakel	and	Hjoula,	Lebanon	(Wilson	et	al.,	2016),	the	Guizhou	Province	in	South	China	 (see	 (Lin	 and	 Briggs,	 2010;	 Lin,	 2006))	 and	 are	 also	 associated	 with	flattened	hard	parts,	interpreted	as	a	result	of	syndiagenetic	microbial	decay.				
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Figure	 4.4:	 Schematic	 model	 shows	 the	 preferred	 taphonomic	 pathway	 of	 non-
mineralizing	 C.	mantonae	 (right)	 compared	 with	 that	 of	 mineralizing	 Buenellus	
(left).		
		
4.6	Taphonomic	pathway		Figure	4.4	shows	the	proposed	taphonomic	pathway	and	compares	 this	 to	 that	proposed	for	the	mineralized	trilobite	Buenellus.	The	precipitation	of	two	distinct	mineral	 phases	 in	 the	 gut	 and	 axial	muscle	 fibres	 of	C.	mantonae	 indicates	 the	formation	 in	 different	 and	 isolated	microenvironments	 along	 a	 redox	 gradient.	Phosphatization	 of	 the	 gut	 contents	 occurred	 in	 slightly	 acidic,	 suboxic	conditions,	 under	 the	 control	 of	 endogenous	 SRB,	 within	 days	 of	 death	 and	therefore	at	the	seafloor.	The	three-dimensional	preservation	indicates	of	the	gut	trace	was	fully	permineralized	before	specimen	collapse	during	decay,	burial	and	
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sedimentary	compaction.	Silicification	of	the	adjacent	muscle	fibres	occurred	in	the	 presence	 of	 silica-saturated	 pore	 waters	 with	 a	 pH	 around	 9.7	 within	 the	microbial	mat.		The	 relative	 timing	of	 these	 two	processes	 is	not	 easily	 constrained.	That	both	tissues	are	preserved	in	three	dimensions	suggests	both	were	mineralized	early	during	decay.	Postmortem	sealing	of	the	specimens	by	cyanobacterial	mats	has	been	hypothesized	as	a	mechanism	for	rapid	sealing	of	the	specimens	from	decay	and	predation,	 resulting	 in	 a	 localized	pH	 environment	 suitable	 for	 controlling	the	silicification	of	the	mineralized	trilobites	in	the	SP	(Strang	et	al.,	2016).	It	is	possible	that	silicification	was	initiated	once	the	specimens	became	entombed	in	the	 decaying	 microbial	 mat	 and	 this	 would	 have	 provided	 the	 necessary	conditions	for	decay-related	reduction	in	pH	>	7	(Brinbaum	and	Wireman,	1985;	Strang	et	al.,	2016).		
	
4.7	Gut	morphology	and	ecological	implications		Well-preserved	 digestive	 systems	 in	 Cambrian	 arthropods	 display	 a	 variety	 of	biserial	midgut	 glands,	 from	 simple	 bunch-like	 or	 lobe-like	 digestive	 glands	 to	complex	branching	 features	(Vannier	et	al.,	2014).	This	suggests	 that,	 like	their	modern	relatives,	these	arthropods	ingested	phosphate	from	their	food	sources	(Vannier	et	al.,	2014).	C.	mantonae	possessed	a	relatively	complex	gut	consisting	of	a	tube-like	structure	which	runs	down	the	central	axis	of	the	animal	(Fig.	4.1)	(Budd,	 2011,	 fig.	 5a,b).	 Paired	 leaf-like	 diverticulae	 are	 attached	 to	 the	midgut	and	 provide	 evidence	 that	 C.	mantonae	would	 have	 been	 able	 to	 process	 and	digest	 more	 complex	 food	 sources,	 such	 as	 smaller	 arthropods.	 In	 living	branchiurans,	 the	 diverticulae	 are	 used	 to	 store	 food	 prior	 to	 enzymatic	breakdown	 and	 the	 absorption	 of	 nutrients	 in	 a	 rich	 but	 infrequent	 diet	(Butterfield,	 2002;	 Vannier,	 2014).	 The	 evolution	 of	 more	 complex	 guts	 with	digestive	glands	work	by	allowing	 the	animal	 to	 increase	 the	efficiency	of	 food	processing	 by	 increasing	 the	 surface	 area	 between	 nutrients	 and	 epithelial	tissues,	thus	allowing	larger	particles	to	be	consumed	which,	in	turn,	would	have	enabled	 them	 to	 uphold	 the	 energy	 demands	 of	 a	 more	 active	 and	 predatory	
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lifestyle	(Vannier	et	al.,	2014).	The	ability	to	process	larger	food	particles	would	have	 been	 clearly	 advantageous	 for	 active	 Cambrian	 arthropods.	 Unlike	 their	modern	counterparts,	early	Cambrian	arthropods	do	not	possess	a	large	array	of	differentiated	appendages	used	for	capturing	and	breaking	up	prey	(Vannier	et	al.,	 2014).	C.	mantonae	only	 appears	 to	 have	 possessed	 long,	 slender	 antennae	(Budd,	 2011)	 (Fig.	 4.1)	 which	 would	 have	 acquired	 a	 sensory	 function.	 The	antennae	 only	 protruded	 a	 short	 distance	 from	 the	 anterior	 shield	margin,	 as	most	of	their	 length	is	hidden	under	the	shield	(Budd,	2011).	Protection	by	the	shield	 may	 be	 the	 reason	 for	 antennae	 being	 the	 most	 readily	 preserved	appendage	of	this	animal.	Evidence	that	other	trilobites	grazed	the	microbial	mat	(Strang	et	al.,	2016)	and	the	lack	of	sediment	particles	in	the	gut	suggest	that	C.	
mantonae	may	 have	 been	 consuming	 other	 smaller	 arthropods,	 which	 would	have	 provided	 a	 rich	 source	 of	 phosphate.	 It	 would	 appear	 predators,	 in	significant	 numbers,	 occupied	 both	 the	 benthos	 and	 nekton	 in	 the	 Early	Cambrian.			
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4.8	Conclusions		Detailed	micrometre-scale	analysis	of	the	distribution	of	phosphate	and	silica	in	relation	to	 the	 internal	morphological	structure	of	 the	soft-bodied	arthropod	C.	
mantonae	 from	SP	 indicates	 a	 complex	 tissue-	 specific	 preservation	of	 internal	structures.	 The	 guts	 contain	 a	 high	 concentration	 of	 calcium	 phosphate	(approximating	 to	 francolite),	 whereas	 the	 adjacent	 muscles	 are	 silicified.	 We	hypothesize	 that	 the	 precipitation	 of	 calcium	 phosphate	 in	 the	 guts	 occurs	rapidly	 after	 death	 by	 ‘crystal	 seed’	 processes	 in	 suboxic,	 slightly	 acidic	conditions;	 critically,	 the	 gut	 wall	 remained	 intact	 during	 precipitation.	 We	postulate	 the	 calcium	 phosphate	 was	 derived	 from	 ingested	 organic	 material.	Silicification	 of	 the	muscles	 followed	 as	 the	 localized	water	 chemistry	 became	saturated	 in	silica,	high	 in	Fe2+,	and	 low	 in	oxygen	and	sulfate.	These	modes	of	preservation	 indicate	 a	 diversity	 of	 taphonomic	 pathways	 in	 faunas,	chronostratigraphically	intermediate	between	the	Neoproterozoic	Ediacara	biota	and	the	Middle	Cambrian	Burgess	shale.	The	absence	of	sediment	particles	in	the	gut	 suggests	 that	 C.	 mantonae	 was	 either	 a	 scavenger	 or	 predating	 smaller	arthropods.						
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Chapter	5.	Conclusions		
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5.1	Summary			The	chapters,	and	associated	papers,	presented	in	this	thesis	examine	aspects	of	the	taphonomy	of	the	Sirius	Passet	Lagerstätten,	with	particular	focus	on	two	of	the	 most	 common	 elements,	 trilobite	 Buenellus	 and	 non-trilobite	 arthropod	
Campanamuta	mantonae.	In	addition,	Chapter	2	provides	a	methodological	case	study	 using	 Energy	 dispersive	 spectroscopy	 (EDS)	 and	 cathodoluminescence	(CL)	 that	 previously,	 as	 far	 as	we	 are	 aware,	 has	mainly	 been	 used	 to	 look	 at	shells	 of	 calcitic	 composition.	 SEM-CL	 was	 applied	 to	 characterise	 the	silicification	 and	 its	 conditions	 of	 formation	 from	 a	 geological	 setting	 that	 is	considerably	less	complex	than	that	of	the	SP.			Burgess	 Shale-type	 preservation	 represents	 a	 unique	 and	 non-analogous	taphonomic	 window	 that	 was	 widespread	 during	 the	 Cambrian	 (Allison	 and	Briggs,	 1993;	 Butterfield,	 1995)	 and	 these	 BST	 Lagerstätten	 have	 been	 the	subject	 of	 much	 scientific	 investigation,	 and	 the	 importance	 of	 these	 sites	 is	widely	 recognised.	 The	 Early	 Cambrian	 radiation	 was	 a	 period	 of	 significant	morphologic	 and	 taxonomic	diversification	 (Wills	 et	 al.,	 1994)	and	 fossils	 from	these	 sites	 are	 the	 primary	 basis	 for	 understanding	 patterns	 of	morphological	diversity	and	disparity	of	the	Cambrian	fauna	(Conway	Morris,	1989;	Wills	et	al.,	1994;	Budd	and	Jensen,	2000;	Briggs	and	Fortey,	2005;	Marshall,	2006;	Erwin	et	al.,	 2011)	 as	 well	 as	 understanding	 phylogenetic	 patterns	 of	 the	 Cambrian	explosion	(Gaines,	2014).	Without	these	Lagerstätten,	our	only	window	into	the	origin	 of	 animal	 phyla	 would	 be	 the	 fossil	 record	 of	 mineralised	 parts	 and	because	 biomineralisation	 has	 developed	 numerous	 times	 across	 different	animal	 lineages	 (Murdock	 and	 Donoghue,	 2011),	 most	 of	 their	 early	 history	would	be	missing	from	the	fossil	record.	Therefore,	this	soft-bodied	fossil	record	provides	us	with	a	window	into	early	evolution	of	the	major	animal	groups.		
 The	 analyses	 conducted	 in	 Chapter	 3	 provide	 the	 first	 detailed	 study	 focused	primarily	 on	 the	 taphonomy	 of	 the	 Sirius	 Passet	 with	 relation	 to	 ‘matground’	habitats.	Using	petrography	and	SEM	analysis	we	demonstrate	 the	sequence	of	events	 leading	 to	 the	 preservation	 of	 concave	 hyporelief	 external	 moulds	 and	
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convex	 epirelief	 casts	 of	 Buenellus	 higginsi	 and	 its	 association	 with	 preserved	microbial	 mat	 material.	 A	 detailed	 description	 and	 interpretation	 of	 the	depositional	 environment	 was	 also	 undertaken,	 revealing	 two	 end-member	lithofacies,	 a	 ‘spotted’	 and	 a	 silt-rich	 facies.	 Findings	 suggest	 a	 ‘death	 mask’	taphonomy,	unique	 to	 the	Cambrian,	where	casts	of	Buenellus	 are	 formed	 from	silicified	cyanobacterial	mat	material.		This	siliceous	death	mask	preservation	is	relatively	common	in	the	Ediacaran	(e.g.	Gehling,	1999),	however	it	is	unique	to	the	Cambrian	and	may	only	have	existed	for	a	short	time	due	the	absence	of	the	mat	 grazing	 organisms	 that	 appeared	 later	 as	 the	 Cambrian	 Explosion	intensified.			Another	important	taphonomic	pathway	of	selective	soft	tissue	mineralisation	in	BST	 type	 biotas	 are	 replacement	 by	 calcium	 phosphate	 (Butterfield,	 2002;	Gaines,	 2014;	 Schiffbauer	 et	 al.,	 2014).	 Phosphatisation	 is	 largely	 restricted	 to	the	 guts	 of	 arthropods,	 where	 digestive	 tracts	 are	 sometimes	 preserved	(Butterfield,	 2002).	 Phosphatisation	 as	 a	 mode	 of	 preservation	 is	 challenging	because	 although	 gut	 tracts	 of	 certain	 animals	 would	 have	 provided	 chemical	microenvironments	 which	 favoured	 precipitation	 of	 phosphate	 (Butterfield,	2002;	Lerosey-Aubril	et	al.,	2012),	it	is	argued	that	mass-balance	considerations	would	require	an	additional	source	outwith	the	gut	(Gaines,	2014).	The	detailed	account	of	the	SP	sediments	in	Chapter	3	and	the	characteristically	organic-poor	sediments	of	other	BST	localities	(Gaines	et	al.,	2012)	would	suggest	that	these	sediments	would	not	account	for	an	additional	source	of	phosphate.	However	in	Chapter	4	we	find	evidence	 for	silicification	 in	close	proximity	surrounding	the	phosphatised	gut	tracts,	implying	that	the	source	of	phosphate	is	likely	internal	and	the	high	phosphate	concentrations	were	a	result	of	the	animals	diet,	this	has	also	been	 cited	as	 a	hypothesis	 in	other	Cambrian	 localities	 (Butterfield,	2002;	Lerosey-Aubril	et	al.,	2012).		
 The	results	presented	in	this	thesis	suggest	that	the	iconic	arthropod-lobopodian	fauna	that	characterizes	the	Sirius	Passet	Lagerstätte	inhabited	a	warm,	muddy,	habitat	 close	 to	 storm	wave	base.	 Seasonal	 salinity	 stratification	of	 the	bottom	waters	would	have	resulted	in	warm	saline	brines	at	the	seafloor	and	extensive	
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growth	of	sulphate-reducing	bacteria	 (which	are	documented	 in	Chapter	2	and	3)	 resulting	 in	 euxinia.	 	 Mixing	 during	 tropical	 storms	would	 have	 introduced	oxygenic	 waters	 and	 allowed	 for	 the	 colonisation	 of	 the	 seafloor	 by	invertebrates,	 providing	 the	 perfect	 habitat	 for	 them	 to	 thrive.	 	 Primary	productivity	 would	 have	 been	 by	 benthic	 cyanobacteria,	 evidenced	 by	 their	presence	in	thin	sections	(Strang	et	al.,	2016a).	Periodic	storm	events	resulted	in	mixing	 of	 sediment	 and	 thus	 aided	 the	 preservation	 of	 organic	 matter	 in	 the	sediment.	 	 Taphonomic	 processes	 (biological,	 chemical	 and	 physical	 factors)	intrinsic	to	these	mat	ground	habitats	provide	the	“rare”	preservational	window	through	 which	 we	 view	 the	 record	 of	 the	 Cambrian	 Explosion	 in	 the	 Sirius	Passet.		 Taphonomy	 therefore	 brings	 together	 aspects	 of	 environment	 and	ecology	of	this	“special	place”	and	is	critical	 in	our	understanding	of	where	and	when	(but	not	how)	the	Cambrian	Explosion	originated.		
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5.2	Overview	of	key	findings	addressing	the	research	questions		The	Sirius	Passet	 fauna	displays	a	diversity	of	 taphonomic	pathways.	Although	typical	Burgess	Shale	Type	preservation	may	indeed	be	represented	in	some	of	the	 taphonomic	 styles	 (e.g.	 vetulicolians;	 see	 Vinther	 et	 al.,	 2011),	 a	 key	taphonomic	pathway,	involving	silicified	death	mask	preservation,	is	more	likely	a	 holdover	 from	 the	 Late	 Proterozoic	 mat-ground	 communities.	 Three-dimensional	 preservation	 of	 gut	 tracts	 by	 phosphatisation	 is	 another	 key	process.	These	occur	in	addition	to	mouldic	preservation	(see	e.g.	Mángano	et	al.,	2012).	 Here	 we	 outline	 the	 key	 findings	 addressing	 the	 research	 questions	outlined	in	Chapter	1,	section	1.5.		
 Cathodoluminescence	(CL)	is	a	tool	for	determining	the	nature	and	distribution	of	luminescence	in	quartz.	These	data	may	reflect	specific	conditions	during	the	formation	 of	 quartz.	 CL	 is	 the	 result	 of	 photon	 emission	 in	 the	 visible	 range	resulting	 from	 excitation	 of	 high-energy	 electrons	 (Ségalen	 et	 al.,	 2008).	 The	intensity	 of	 CL	 is	 dependent	 on	 the	 density	 of	 intrinsic	 and	 extrinsic	 defects	within	 the	 band	 gap	 of	 the	 mineral	 and	 these	 defects	 are	 usually	 structural	imperfections	in	the	quartz	crystal	due	to	vacancies	within	the	crystal	lattice.	By	studying	 these	 defects	 in	 Chapter	 2	 we	 infer	 that	 silica	 replacement	 in	 these	Antiguan	 fossils	was	a	multi-stage	process,	 indicated	by	 the	variety	of	 textures	and	crystal	sizes	visible	under	CL.	This	CL	methodology	was	then	applied	in	the	studies	undertaken	in	both	Chapter	3	and	4.	 In	Chapter	3,	the	detailed	study	of	
Buenellus,	 the	presence	of	two	quartz	phases,	one	associated	with	the	quartz	of	the	sedimentary	matrix	and	one	associated	with	the	silica	in	the	mineralised	mat	and	concave	external	moulds,	which	exhibits	almost	no	luminescence,	lead	us	to	conclude,	along	with	other	evidence,	that	silicification	of	the	trilobites	occurred	early,	 shortly	 after	death.	 In	 the	 case	of	Chapter	4	we	highlight	 the	CL	data,	 in	which	 the	 silicified	muscles	 of	Campanamuta	mantonae	 show	 a	 low	monotone	grey	luminosity,	which	is	indicative	of	similar	formation	conditions	as	that	found	in	Buenellus	(Strang	et	al.,	2016a;	2016b).			 Based	on	the	evidence	from	Chapter	3	and	Chapter	4,	a	detailed	timeline	of	the	taphonomic	history	of	the	Sirius	Passet	Lagerstätte	is	provided,	from	the	death	of	
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organisms	to	diagenesis	and	finally	to	metamorphism.	This	section	addresses	the	research	questions	pertaining	to	the	association	of	common	SP	arthropods	with	‘matground’	 communities,	 and	 their	 role	 in	 taphonomy.	 It	 also	 explores	 the	preservation	 of	 three-dimensionally	 preserved	 gut	 tracts	 and	 looks	 to	 explain	the	presence	of	both	phosphate	and	silica	in	such	close	proximity	within	the	guts.			As	 previously	 discussed,	 the	 Sirius	 Passet	 fauna	 is	 characterized	 by	 abundant	microbial	mats	(Mángano	et	al.,	2012;	Strang	et	al.,	2016a;	Strang	et	al.,	2016b)	and	 an	 iconic	Burgess	 Shale	 Type	 fauna,	mainly	 dominated	 by	 arthropods	 and	lobopods.	 There	 is	 also	 evidence	 of	 annulated	 burrows	 and	 interconnected	burrow	systems	(Mángano	et	al.,	2012)	and	other	ichnotraces	which	infer	re-use	of	burrowing	systems	by	organisms,	as	they	burrowed	to	graze	on	the	nutrient	rich	microbial	mats.			Mass	 fatalities	were	 likely	 caused	by	 storm	events	 that	 resulted	 in	an	 influx	of	sediment	 burying	 the	 organisms,	 more	 or	 less	 instantaneously.	 However,	another	possible	cause	of	community	wide	mortality	 is	 the	release	of	H2S	 from	the	 microbial	 mats,	 effectively	 poisoning	 the	 surrounding	 fauna.	 After	 death,	organisms	were	rapidly	covered	with	microbial	mats,	as	 they	grow	upwards	to	reach	 the	 sediment-water	 interface.	 This	 sealing	 by	 the	 mat	 results	 in	 the	creation	of	a	unique	microenvironment	and	distinct	chemical	conditions.	At	this	point	the	taphonomic	pathway	is	determined	by	the	composition	and	degree	of	mineralogy	 of	 the	 particular	 taxa.	 The	 chapters	 of	 this	 thesis	 describe	 the	detailed	 taphonomic	 pathways	 of	 some	 of	 the	 most	 common	 elements	 of	 the	Sirius	 Passet	 fauna	 across	 the	 widest	 range	 of	 body	 types.	 Mineralizing	organisms	 such	 as	Buenellus	 were	 able	 to	 withstand	 compaction,	 allowing	 for	infilling	with	microbial	material,	 leaving	 behind	 a	 counterpart	 cast	 and	mould.	However,	 non-mineralized	 faunas	 such	 as	 C.	 mantonae	 possessed	 no	 tough	exoskeleton,	 thus	 after	 death	 the	 animal’s	 appendages	 would	 rapidly	 become	flattened,	 but	 rapid	 mineralization	 due	 to	 unique	 endogenous	 bacteria	 in	 the	animals	 gut	 allowed	 certain	 internal	 features	 such	 as	 the	 gut	 to	 be	 preserved,	commonly	in	3D.			
	 124	
It	 is	 proposed	 that	 the	 earliest	 stage	 of	 permineralisation	 seen	 in	 the	 SP	Lagerstätte	 is	 phosphatisation	 in	 the	 guts	 of	 the	 non-mineralised	 arthropod	C.	
mantonae.	The	sealed	environments	of	the	gut	and	the	gut	wall	remaining	intact	are	 key	 to	 maintaining	 the	 integrity	 of	 the	 tube-like	 gut	 to	 allow	 for	 the	precipitation	 of	 phosphate	 under	 slightly	 alkaline	 conditions	 (<	 Ph	 7).	 The	phosphatisation	of	the	gut	occurred	in	sub-oxic	conditions	under	the	control	of	endogenous	sulphate	reducing	bacteria,	and	occurred	within	days	of	death	and	therefore	 at	 the	 sediment	 surface.	 Although	 there	 is	 no	 direct	 evidence	 for	microbes	in	the	guts,	the	spherical,	spongy	texture	of	the	phosphate	infers	their	original	 presence	 and	 likely	 represents	 possible	 microbial	 moulds	 (Similar	 to	those	documented	in	Lerosey-Aubril	et	al.,	2012).		Silicification	 would	 have	 been	 initiated	 after	 phosphatisation	 as	 the	 carcass	became	engulfed	in	the	growing	mat,	as	it	acted	as	a	seal	from	the	surrounding	water	chemistry,	creating	unique	micro	environmental	conditions	necessary	for	tissue	 specific	 silicification	of	 the	 fibrous	muscle	bands.	 It	 is	 also	hypothesised	that	sediment-laden	water	was	saturated	in	silica,	high	in	Fe2+,	and	low	in	oxygen	and	sulphate.	It	is	inferred	that	C.	mantonae	was	sealed	in	the	mat	but	the	lack	of	a	 mineralized	 carapace	 meant	 less	 resistance	 to	 compaction	 by	 surrounding	sediment,	 this	 is	 hypothesised	 by	 comparing	 to	 the	 biomineralising	 trilobite	
Buenellus,	which	are	preserved	as	complete	concave	hyporelief	external	moulds	and	 convex	 counterpart	 casts.	 However,	 external	 features	 of	 C.	 montanae	 are	poorly	preserved	and	only	the	tubular	gut	is	preserved	in	3D;	suggesting	the	lack	of	 a	mineralized	 exoskeleton	 resulted	 in	 the	 poor	 preservation	 of	 surrounding	appendages.					Silicification	and	phosphatisation	occur	very	 close	 together	 in	C.	montanae	and	are	 separated	 only	 by	 the	 gut	 wall	 remaining	 intact	 after	 death.	 As	 discussed	there	 are	 differing	 preferences	 for	 both	mechanisms.	 This	 suggests	 that	 these	elements	of	the	SP	biota	were	initially	phosphatised	due	to	endogenous	bacteria	present	 in	 the	gut,	 and	 then	 silicification	was	 initiated	as	biofilm	of	 exogenous	bacteria	 sealed	 the	 organism	 creating	 the	 required	 conditions	 for	 silicification.	However,	direct	evidence	of	the	timing	of	events	is	not	present.		
	 125	
	The	 significance	 between	 the	 silicification	 and	 the	 phosphatisation	 is	 down	 to	the	 timing	 of	 events	 and	 original	 composition	 of	 the	 tissues	 and	 changing	localized	 environments	 created	 by	microbial	 activity.	 The	 contrast	 of	 the	 high	phosphate	 concentrations	 in	 the	 guts	 is	 due	 to	 the	 higher	 organic	 content	 and	digestive	enzyme	being	present	at	the	time	of	death.	It	is	thought	that,	due	to	the	lack	 of	 sediment	 present	 in	 the	 gut,	Campanamuta	mantonae	 was	 carnivorous	rather	 than	 a	 deposit	 feeder.	 Although	 these	 two	 taphonomic	 pathways	 are	usually	 thought	 to	 occur	 independently,	 the	 robustness	 of	 the	 gut	 remaining	intact	during	phosphatisation	and	the	presence	of	dense	microbial	mat	material	has	allowed	optimal	micro	conditions	for	these	pathways	to	occur	alongside	each	other.	 We	 can	 hypothesis	 that	 the	 phosphatisation	 occurs	 first	 due	 to	 the	presence	 of	 endogenous	 bacteria	 within	 the	 gut,	 which	 creates	 a	microenvironment	 favouring	 the	 precipitation	 of	 phosphate.	 As	 the	 animal	decays	and	phosphate	precipitates,	silicification	is	then	initiated	as	the	chemistry	of	 the	closed	environment	changed	to	become	saturated	relative	to	FeOOH	and	exogenous	 bacteria	 colonise	 the	 body	 cavity,	 replicating	 soft	 tissues	 such	 as	muscle.	 Therefore,	 the	 presence	 of	 both	 these	 pathways	 in	 a	 localized	environment	 suggests	 microbial	 sealing	 has	 an	 influence	 on	 sediment-water	chemistry	interactions	and	may	be	the	fundamental	driver	of	the	SP	taphonomic	history.			After	 the	death	and	rapid	burial	of	 the	organisms,	 the	 first	 few	hours	and	days	are	 critical	 to	 whether	 or	 not	 the	 organism	 survives	 in	 the	 fossil	 record.	 At	around	 400	 million	 years	 ago	 the	 rocks	 of	 the	 Buen	 Formation	 underwent	intense	regional	metamorphism,	significantly	after	diagenesis.	The	shales	of	the	Sirius	 Passet	 underwent	 greenschist	 facies	 metamorphism,	 evidenced	 by	 the	presence	 of	 chloritoid	 needles.	 Despite	 this	 deformation	 event,	 primary	sedimentary	fabric	is	still	preserved	(Strang	et	al.,	2016a).			
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We	therefore	propose	that	the	taphonomy	of	the	Sirius	Passet	is	tissue	specific,	and	 the	 chemistry	 takes	 two	 distinct	 pathways	 depending	 on	 the	 degree	 of	mineralization	 of	 the	 dead	 organism.	 Thus	 the	 taphonomy	 is	 variable	 across	tissue	 types	 as	 well	 as	 taxa.	 Furthermore,	 These	 ecosystems	 were	 mat-grazer	dominated,	 evidenced	 by	 the	 presence	 of	 preserved	 microbial	 mats	 and	 thus	mark	 a	 transitional	 state	 between	 the	 Ediacaran	 Biota	 and	 the	 Cambrian	Evolutionary	Fauna.		
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5.3	Summary	of	palaeobiological	implications		The	occurrence	of	a	near	identical	arthropod-lobopod	fauna	in	a	muddy	habitat	at	 or	 about	 storm-wave	 base	 over	 some	10	million	 years	 suggests	 remarkably	ecological	 stability.	 The	 Cambrian	 is	 characterised	 by	 many	 “mass	 extinction	events”	resulting	in	major	faunal	turnovers;	nevertheless	the	arthropod-lobopod	assemblage	represents	a	fauna	which	is	resilient	in	these	muddy,	mat	dominated	environments.	 Rapid	 ecological	 differentiation	 of	 a	 relatively	 species-rich	offshore	 siliciclastic	microbial	mat	 community	 occurred	 in	 the	 early	 Cambrian.	What	 was	 the	 origin	 of	 this	 fauna?	 This	 differentiation	 may	 have	 reflected	nutrient	levels	in	the	two	habitats.		Oligotrophic	carbonates	versus	mesotrophic	mat	 communities.	 Were	 these	 higher	 nutrient	 systems	 related	 to	 ITCZ	 runoff	related	or	upwelling?	Was	it	nutrient	availability	that	enabled	the	first	complex	communities	to	evolve?			Along	marine	coasts,	mud	particles	are	introduced	by	rivers.	These	particles	are	commonly	 amalgamated	 into	 larger	 aggregates	 composed	 of	 both	 organic	 and	mineral	 matter	 as	 a	 result	 of	 electrochemical,	 biological,	 and	 biochemically	mediated	 processes;	 the	 resulting	 aggregates	 settle	 to	 the	 sea	 floor,	 typically	within	 a	 few	 tens	 of	 kilometers	 of	 river	mouths	 (e.g.,	McCave,	 1985;	Alldredge	and	Silver,	1988).	In	view	of	this	rapid	settling,	the	presence	of	siliciclastic	mud	in	shelf	sediments	at	distances	of	up	to	hundreds	of	kilometers	from	shore	would	require	 additional	 mechanisms	 such	 as	 storms	 events.	 Such	 events	 were	responsible	 for	 remobilizing	 and	 transporting	mud	 farther	 seaward.	 On	 storm	influenced	 shelves,	 combined	 flows	 are	 capable	 of	 re-suspending	 bottom	sediment	 to	depths	of	well	 over	100	m	 (Snedden	and	Nummedal,	 1991)	Wave	energy	can	maintain	a	dense	suspension	of	sediment	near	the	seabed.	The	key	to	the	exceptional	preservation	within	these	deposits	was	rapid	burial	by	microbial	mats,	 essentially	 resulting	 in	 an	 anoxic	 substrate.	 	 The	 sea	 floor	 of	 the	 Sirius	Passet	 was	 rapidly	 sealed	 by	 microbial	 mats	 and	 permineralised	 during	bacterially	mediated	 sulphate	 reduction.	 An	 absence	 of	 bioturbation	 restricted	the	ingress	of	oxygen	and	allowed	mats	to	flourish.	Evidence	suggests	the	Sirius	Passet	 community	 was	 intact,	 thriving	 at	 the	 base	 of	 the	 euphotic	 zone,	 just	
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below	storm	wave	base,	dominated	by	mat	grazers	such	as	Buenellus,	 the	most	common	element.	 Carnivores	 like	Campanamuta	mantonae	 fed	on	 taxa	 such	 as	these	trilobites,	due	to	their	rich	nutrient	intake	from	the	mats.				Taking	into	account	the	“facies	area	hypothesis”	i.e.	the	expansion	and	spread	of	the	key	 facies	on	the	continental	shelves,	as	a	cause	of	 the	Cambrian	Explosion	we	can	query	whether	this	was	responsible	for	triggering	an	adaptive	radiation	in	 the	 fossil	 record?	 It	 could	 also	 be	 argued	 that	 particular	 habitats	 in	 the	Cambrian	provided	“ocean	 islands,”	where	particular	variants	could	 live,	under	low	selection	pressure,	with	an	increase	in	abundance	(in	terms	of	biomass)	and	abundance	 over	 time,	 thus	 enough	 to	 leave	 behind	 a	 fossil	 record	 through	not	one	 but	 a	 variety	 of	 taphonomic	 pathways.	 At	 present	 these	 are	 intractable	questions,	but	nonetheless	highly	important	to	ponder.									
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5.4	Future	work		There	 is	 still	much	 to	 be	 learnt	 from	 the	 SP	 and,	 indeed,	 other	 Cambrian	 BST	deposits	and	thus	the	potential	for	future	work	is	enormous.	Further	work	on	the	SP	 involving	 systematic	 investigation	 of	 the	 detailed	 taphonomy	 of	 other	organisms,	 particularly	 of	 non-arthropod	 taxa,	 would	 help	 to	 elucidate	 and	constrain	 the	 whole	 story	 of	 the	 taphonomic	 history.	 Future	 research	 would	benefit	 from	 an	 interdisciplinary	 approach	 involving	 (but	 not	 limited	 to)	experimental	taphonomy,	geology,	geochemistry,	genetics	and	cladistics	to	allow	insight	into	the	‘bigger	picture’	of	the	SP	and	it’s	position	in	space	and	time	with	relation	 to	 the	 other	 exceptionally	 preserved	BST	biotas.	 	 Furthermore,	 the	 SP	would	benefit	from	broad	assemblage	comparison	analysis	(similar	studies	have	been	undertaken	for	the	Burgess	Shale	and	Chengjiang	biotas),	particularly	from	an	ecological	perspective,	using	abundance	data	 for	 individual	 localities,	which	would	ultimately	 lead	 to	 a	 greater	understanding	of	 the	 relationships	between	sites,	especially	from	an	environmental	perspective.																		
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ABSTRACT. Silicified molluscs, namely the oyster Hyotissa and the scallop Aequipecten?, 
are commonly preserved as silica in the carbonate successions on the island of Antigua. 
These fossil assemblages are located within the Antigua Formation, above and adjacent 
to a variety of volcanic and volcaniclastic rocks, suggesting, on geological grounds, an 
igneous source for the silica. Energy dispersive spectroscopy (EDS) and 
cathodoluminescence (CL) have been applied to characterise the silcification and its 
conditions of formation which may have been associated with hydrothermal activity.  
 
Key words: Antigua Formation, limestone, EDS, cathodoluminescence, Aequipecten?, 
Hyotissa. 
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1. INTRODUCTION 
 
Silicification is a relatively common mode of preservation in the fossil record. It generally 
occurs along thin zones within the fossil as the original calcium carbonate is dissolved and 
replaced by silica. The process of silicification (see Butts, 2014, for a comprehensive review) 
can occur through permineralization (precipitation of silica into voids), entombment 
(precipitation on external surfaces) and replacement (or silicification sensu stricto), that is, 
dissolution of skeletal material virtually concurrent with the precipitation of silica. The 
process is controlled by shell mineralogy, including the amount and location of organic 
matter, and the availability of silica. Thus, silicification of fossils in limestones can be 
considered an indication of early diagenetic conditions whereby there is a source of excess 
dissolved silica and the replacement mechanism is the likely one where monomers bond 
directly with organic material (Butts, 2014) rather than by force of crystallization (Maliva 
and Siever, 1998). The sources of silica can be many and various (e.g., Upchurch et al., 1980). 
Cathodoluminescence (CL) is a tool for determining the nature and distribution of 
luminescence in quartz. These data may reflect specific conditions during the formation of 
quartz. Cathodoluminescence is the result of photon emission in the visible range resulting 
from excitation of high-energy electrons (Ségalen et al., 2008). The intensity of CL is 
dependent on the density of intrinsic and extrinsic defects within the band gap of the mineral. 
These defects are usually structural imperfections in the quartz crystal due to vacancies within 
the crystal lattice, and include point and planar lattice defects, radiation damage, shock 
damage, melt inclusions and fluid inclusions (Frelinger et al., 2015). These defects can 
provide information on the conditions during mineralization, and subsequent post-
mineralization events such as deformation and metamorphism. The combination of scanning 
electron microscope (SEM) and CL data highlighting textural features allows distinction of 
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different quartz types more easily than with conventional microscopy or colour CL 
analysis (Bernet and Bassett, 2005). Studies have shown that CL textures such as 
zoning, microcracks and deformation fractures can remain preserved in sedimentary 
rocks, withstanding processes such as uplift, sediment deposition and diagenesis 
(Seyedolali et al., 1997; Bernet and Bassett, 2005; Götze, 2012). This has made the 
textures a useful tool, because comparison with published CL data of specimens from 
well-typified settings enables the identification of the provenance of minerals and their 
conditions of formation. To the best of our knowledge, previous CL studies on Recent 
and fossil shells have focussed only on those with a carbonate composition, to 
determine, for example, growth trajectories, and the luminosity of calcite has been 
used to decide whether a shell is modern or ancient (see, for example, Barbin and 
Gaspard, 1995; England et al., 2006; and references therein). The application of using 
CL to determine information from silicified shells is therefore a new approach.  
Herein, we characterise the silica prevalent in bioclasts of the Antigua 
Formation (upper Oligocene) of Antigua using a number of spectroscopy techniques. 
The island of Antigua (Figure 1) is characterised by an abundant and diverse 
Oligocene fossil fauna. Locally, these fossils are beautifully preserved, albeit 
silicified. 
 
 
2.  GEOLOGICAL SETTING 
 
The Caribbean island of Antigua lies towards the northern end of the Lesser Antilles volcanic 
arc. It is a Limestone Caribee, an island of volcanic origin capped by carbonates (Wadge, 
1994; Donovan et al., 2014a, b). As such, it is a perfect field laboratory to investigate the 
relationships between a volcanic arc and the evolution of its carbonate cover succession. The 
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rock record of the entire island is late Oligocene in age (Weiss, 1994), with the exception of 
some minor upper Quaternary sediments. The regional dip of the strata is towards the 
northeast, with the oldest rocks, the Basal Volcanic Suite, cropping out and exposed in the 
western and southern regions of the island. The stratigraphical succession can be defined in 
terms of three conformable units, in ascending order: the Basal Volcanic Suite; the Central 
Plain Group; and the Antigua Formation. The Antigua Formation is a succession of diverse 
limestones with minor siliciclastic and volcaniclastic, commonly tuffaceous, horizons that are 
exposed in the north and east of the island (Figure 1). 
 
 
3.  LOCALITIES 
 
The specimens analysed herein were collected from two localities in the Antigua Formation. 
 
3.1. Locality 1. Hughes Point 
 
Oysters were collected from float and in situ from limestone beds in the Hughes Point area on 
the south coast of Nonsuch Bay, parish of St. Philip, eastern Antigua (Locality 1). Large 
gryphaeid oysters assigned to Hyotissa antiguensis (Brown, 1913) are locally common both 
in situ in an extensive coastal exposure, and reworked as float in adjacent shallow water, the 
latter associated with common bored clasts of limestone (Donovan et al., 2014a). A measured 
section of part of the coastal exposure appeared in Collins and Donovan (1995, fig. 2; Figure 
2 herein). Oysters are common and were noted in all beds identified in this illustration. 
 
3.2. Locality 2. Half Moon Bay 
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Scallops, including Aequipecten? sp., were collected from the northeast point of Half Moon 
Bay, parish of Saint Philip, southeast Antigua (Locality 2). Here the section exposes over 8 m 
of the Antigua Formation. These limestones have yielded a diverse fauna (Donovan et al., 
2015), including calcareous algae, articulated sponges, brachiopods, crinoid columnals, 
asteroid marginal ossicles, echinoids, rare oysters and other benthic molluscs, including 
scallops. Foraminiferans from these beds include flat Lepidocyclina canellei Lemoine and 
Douville and inflated Eulepidina sp. cf. E. undosa (Cushman). A measured section was 
published in Donovan et al. (2015, fig. 3; Figure 3 herein). 
 
 
4.  MATERIALS AND METHODS 
 
Samples were studied for texture and composition using the SEM. Thin sections were cut at 
regular 10 mm transverse intervals perpendicular to the direction of growth through the 
samples to create cross sectional views. Thin sections were coated in Epo Tek 301 two-part 
epoxy resin and polished with diamond. Samples were then coated with c. 20 nm carbon to 
avoid charging during analysis. Imaging and analysis by SEM was carried out using the 
Hitachi SU-70 FEG SEM in Durham University using secondary electron and backscattered 
electron detectors at 12 kV. Both primary and secondary backscatter techniques were used to 
produce general images prior to SEM-EDS and SEM-CL analysis. Energy dispersive X-ray 
analysis was carried out using the backscatter detector and the same voltage settings were 
used for imaging. Results were processed using the QUANT software and running the 
standard several times to ensure maximum accuracy (100 ± 5%). 
A mirror-type detector (Gatan Mono-CL) was used for SEM-CL analysis. The 
machine was set to low magnification with a 10 kV voltage to allow the site of interest to be 
determined. The working distance was set to 20 mm and then adjusted as necessary to allow 
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focusing of the sample. Results were obtained using the panchromatic mode (clear filter) with 
both mirrors adjusted to panchromatic mono-CL settings. Working distance was set to 16.2–
16.7 mm and CL luminosities collected. Grey-scale pictures were produced using mono-CL, 
due to the increased speed and smaller scale resolution achievable from grey scale CL 
imaging. Various studies have been carried out which show that quartz grains display a 
variety of luminosity intensities dependent on their provenance. The characterization of the 
distinctive CL fabrics and methods were adapted from Seyedolali et al. (1997). A more recent 
study suggests that textural features can provide additional support to investigations of colour 
and CL wavelength in determining provenance of quartz (Schieber et al., 2000). 
 
 
5.  RESULTS 
 
5.1. Locality 1: Hughes Point 
 
Data using EDS show that the gryphaeid oysters are composed predominantly of silica (>80 
%) intermixed with calcite (Table 1), lacking any correspondence to the original growth 
lamellae or shell ultrastructure (Figure 4A). Under the backscatter detector (BSE), the silica 
grains in the samples appear relatively uniform with no visible distinguishing features 
(Figure 5A). The silica studied by SEM-CL shows a range of grey scale luminosities 
ranging from dark grey to white (white being the strongest luminescence) with the majority 
of grains appearing mottled in texture (Figure 5B). These varying intensities highlight 
features in the silica such as zoning. This distinct zoning appears as varying shades of grey, 
with the outer rim showing almost no luminescence; however, zonation is not uniform. An 
emission spectrum was produced using the intensity of counts against wavelength. The 
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emission band of this silica lies between 540 – 740 nm (Figure 6), indicated neoformed silica 
(e.g., Aparicio and Bustillo 2012), which correlates with a possible hydrothermal source 
(Götze et al., 2001). 
 
5.2. Locality 2: Half Moon Bay 
 
Scallops (pectinid bivalves) from Half Moon Bay share the same composition as the oysters 
(Table 2) from Locality 1, composed of silica and calcite; this pattern, similar to that of the 
oysters from Hughes Point, does not conform to the original growth lines or shell 
ultrastructure (Figure 4B). The optical BSE textures are homogenous, and there are no clear 
defects visible under normal SEM imaging (Figure 5C). However, SEM-CL again shows a 
distinct mottled texture and similar irregular distribution of luminosity intensities, as at 
Locality 1. This irregular distribution (Figure 5D) of luminosity helps distinguish neoformed 
silica from that of metamorphic origin (Matter and Ramseyer, 1985). There is also evidence 
of zoning present, with the overall texture similar to that found at Hughes Point. 
 
 
6. DISCUSSION 
 
Silicified fossils are common in the upper Oligocene limestones of Antigua. These rocks 
overlie and are regionally interbedded with a range of volcanic and volcaniclastic rocks, 
providing an obvious source of silica. The proximity of these extrusive igneous rocks to 
the fossils provides a key test of the efficacy of some of techniques available to identify 
the source of silica in diagenetically altered shells. In particular, those molluscs with low 
magnesium shells, oysters and scallops, seem particularly prone to silicification. The 
technique of studying patterns of variable-intensity mono CL in quartz grains has been 
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applied to many provenance studies (Seyedolali et al., 1997; Boggs et al., 2002), but in 
this case we have focused on the conditions of formation of the silica. We infer that silica 
replacement in these fossils was a multi-stage process, indicated by the variety of textures 
and crystal sizes visible under CL. The minerals from both localities show a characteristic 
mottled texture with irregular zoning and fractures throughout (Figure 5). The emission 
band of this silica lies between 540 – 740 nm (Figure 6), suggestive of a possible 
hydrothermal source (Götze et al., 2001; Götze, 2012). This evidence is not incompatible 
with silicification driven by the hydrothermal products of a volcanic arc, much of which 
forms the basement of the Limestone Caribees.  
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FIGURE CAPTIONS 
 
Figure 1. Outline map of Antigua (redrawn and modified after Weiss, 1994, fig. 3), showing the 
principal geological subdivisions and the city of Saint John’s. The regional dip is towards the 
northeast. Localities 1 (Hughes Point) and 2 (Half Moon Bay) are marked. Inset map (modified 
after Donovan, 2010, fig. 2) shows the position of Antigua in the Caribbean. Key (clockwise from 
Jamaica): J=Jamaica; C=Cuba; H=Hispaniola (Haiti+Dominican Republic); PR=Puerto Rico; A 
= Antigua (arrowed); LA=Lesser Antilles; T=Trinidad; V=Venezuela; Co=Colombia. 
 
Figure 2. Measured section in the lower part of the cliff at Hughes Point (Locality 1), Nonsuch 
Bay, Antigua Formation (modified after Collins and Donovan, 1995, fig. 2). Key: F, M, C = fine-, 
medium- and coarse-grained sandstone, respectively; P = pebble conglomerate; K = cobble 
conglomerate; all rocks are limestone. 
 
Figure 3. A measured section of the northeast point of Half Moon Bay (Locality 2), parish of 
Saint Philip, south-east Antigua; Antigua Formation (Upper Oligocene) (after Donovan et al., 
2015, fig. 3). Note the section is entirely in limestone; terms such as sandstone and mudrock 
refer to grain size. Crinoid columnals and a brachiopod were collected from bed 4; crinoid 
columnals are present, but rare, higher in the section. 
 
Figure 4. Elemental maps of specimens from both localities. A. Elemental maps showing the 
distribution of Si, Ca and O of a sample from Hughes Point of the oyster Hyotissa antiguensis. B. 
Elemental maps showing the distribution of Si, Ca and O of the Half Moon Bay sample of 
Aequipecten? sp. Scale bars represent 100µm. 
 
Figure 5. SEM and CL images of specimens from Hughes Point and Half Moon Bay. A. SE 
image showing the relationship of calcite to silica zones in the oyster Hyotissa antiguensis. B. 
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SEM-CL of same area and specimen as (A), showing distinct mottled texture (red arrow). C. SE 
image of Aequipecten? sp. from Half Moon Bay, showing the distribution of calcite and silica 
zones. D. SEM-CL of same area and specimen as (C), showing differing luminosity in silica and 
mottled textures (red arrows). Scale bars represent 20 µm (above) and 10 µm (below). 
Abbreviations: Cc – calcite; Qz – quartz. 
 
Figure 6.  CL-SEM spectrum of quartz; emission band of this silica lies between 540 – 740 
nm. 
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Spot 
  
CaO MgO SiO Total 
1 0 0 100.00 100.00 
2 0 0 100.00 100.00 
3 98.61 1.39 0 100.00 
4 100.00 0.00 0 100.00 
 
Table 1. EDS data for specimen from Hughes Point (Locality 1). These data (wt.100%) are 
normalised to 100 and are calculated using the oxide option in QUANT software. 
 
 
Spot 
  
CaO MgO SiO Total 
1 0 0.11 99.89 100.00 
2 0 3.17 96.83 100.00 
3 97.24 2.76 0 100.00 
4 100.00 0 0 100.00 
 
Table 2. EDS data for specimen from Half Moon Bay (Locality 2). These data (wt.100%) are 
normalised to 100 and are calculated using the oxide option in QUANT software. Note – the 
value for MgO of 3.17 is probably an artefact. 
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The Sirius Passet Lagerst€atte (SP), Peary Land, North Greenland, occurs in black slates
deposited at or just below storm wave base. It represents the earliest Cambrian micro-
bial mat community with exceptional preservation, predating the Burgess Shale by
10 million years. Trilobites from the SP are preserved as complete, three-dimensional,
concave hyporelief external moulds and convex epirelief casts. External moulds are
shown to consist of a thin veneer of authigenic silica. The casts are formed from silici-
fied cyanobacterial mat material. Silicification in both cases occurred shortly after
death within benthic cyanobacterial mats. Pore waters were alkali, silica-saturated,
high in ferric iron but low in oxygen and sulphate. Excess silica was likely derived from
remobilized biogenic silica. The remarkable siliceous death mask preservation opens a
new window on the environment and location of the Cambrian Explosion. This win-
dow closed with the appearance of abundant mat grazers later as the Cambrian Explo-
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The Cambrian Explosion records the diversification
of complex, mainly bilaterian, animal body plans and
the expansion of animal-based marine ecosystems
(Butterfield 2003). Much of what we know about this
event is recorded in a succession of black shale con-
servation Lagerst€atten. The Sirius Passet (SP) is the
oldest of these and is located in J.P. Koch Fjord, N.
Greenland, at 82°47.60N, 42°13.70W (Fig. 1A) and
during the Cambrian lay at approximately 10°S
(Fig. 1B; Peel & Ineson 2011). The black slates have
been mapped as the ‘Transitional’ Buen, previously
interpreted as fine-grained turbidites (Peel & Ineson
2011). Buenellus higginsi is the most common macro-
fossil, indicative of the Nevadella Biozone in Lauren-
tia, equivalent to the middle part of Stage 3 (lowest
stage of Series 2; 520–535 Ma; see Babcock 2005).
The SP fauna is similar to that of the Burgess
Shale, comprising ca. 50 species including trilobites,
sponges, worms, halkieriids, lobopods and non-
trilobite bivalved arthropods. The SP Lagerst€atte
predates the Burgess Shale (510 Ma) and Chengjiang
biotas (520 Ma) and is therefore possibly the earliest
example of high-fidelity, soft-tissue preservation in
the Cambrian. As recognized from studies of other
Lagerst€atten, an understanding of taphonomy is cru-
cial in aiding anatomical interpretations of the SP
fauna and provides for a better understanding of the
palaeoenvironment, community reconstruction and
early diagenesis (e.g. Gaines & Droser 2005; Zhu
et al. 2006).
Similarities have been drawn between the deposi-
tional setting of the Burgess Shale and SP, for
example proximity to a submarine cliff line and
supposed basinal, turbiditic sedimentation (Peel &
Ineson 2011). These similarities have led to the
untested inference that SP fossils show Burgess
Shale-type preservation (Gaines et al. 2008; Peel &
Ineson 2011). Burgess Shale-type preservation is
defined as ‘exceptionally preserved fossils whose
primary taphonomic mode is one of non-mineraliz-
ing organisms preserved as carbonaceous compres-
sions in fully marine sediments’ (Butterfield 1995).
In the Burgess Shale, the soft-bodied fossils are pre-
served as thin, multi-layered silvery films (Whit-
tington 1980). Significant discussion has focused on
the composition of the films. Are they predomi-[The copyright line for this article was changed on April 28 after
original online publication]
DOI 10.1111/let.12174 © 2016 The Authors Lethaia published by John Wiley & Sons Ltd on behalf of Lethaia Foundation.
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nantly organic and result from coalification during
metamorphism (Butterfield 1990, 1995; Page et al.
2008) or predominantly composed of aligned clay
minerals (Towe 1996; Orr et al. 1998)? Disagree-
ment regarding the composition of the fossils has
led to a lack of consensus regarding the mode of
fossilization. Butterfield (1990, 1995) proposed that
the clay which surrounded the fossils during burial
acted as a catalyst that inhibited microbial decom-
position of the labile tissues, leaving the organic
material to be ‘tanned’ (Butterfield 1990) and pro-
ducing a kerogen film during diagenesis. In com-
parison, Orr et al. (1998) concluded that
fossilization occurred during decomposition as a
consequence of chemical interactions between the
tissues and the surrounding clays. In this model,
variations in composition and reactivity of the dif-
ferent tissues during decomposition resulted in
varying accumulations of clays on the carcass either
by accumulation or direct precipitation from the
pore water. The enhanced preservation of non-
mineralized tissues may have also resulted from a
combination of environmental factors. Near bottom
anoxia would have prevented sediment irrigation by
bioturbators. Reduced permeability of the seafloor
and exclusion of oxygen may have also resulted
from an absence of coarse grains such as silt, faecal
pellets or bioclasts and the presence of reduced bot-
tom waters that may have acted to deflocculate clay
mineral aggregations and facilitated the precipita-
tion of early diagenetic pore occluding carbonate
cements (Gaines et al. 2005).
Some of the controversy surrounding the mecha-
nisms of Burgess Shale-type preservation is in part
due to the loss of primary features during post-
depositional diagenesis and metamorphism. As a
consequence of low greenschist facies metamor-
phism and cleavage formation, the phyllosilicates of
the Burgess Shale currently associated with the fossils
are not the same as the minerals that initially buried
the fossils (Powell 2003). A detailed understanding
of the metamorphic history and reconstruction of
the primary bulk mineralogy of the Burgess Shale
precludes the presence of highly reactive clay species
necessary for the Butterfield model involving organic
preservation due to clay-related suppression of
decomposition-related reactions (Powell 2003).
Instead, it indicates there was nothing unusual about
the initial mud sediment and lends support to the
Orr hypothesis of clay templating during decompo-
sition (Powell 2003). This re-evaluation challenges
the nature of Burgess Shale-type preservation and
shows the importance of determining the mineralog-
ical changes in Cambrian black shale Lagerst€atten
during metamorphism. This is critical for under-
standing the taphonomy, in which previous discus-
sions of the SP, metamorphism has been largely
ignored.
In this contribution, we use a combination of
observations, petrography and SEM analyses to
demonstrate the sequence of events leading to an
early ‘death mask’ preservation of the trilobites
within the SP and discount the influence of meta-
morphic processes. A key element of our proposed
Fig. 1. A, Sirius Passet locality map, lithostratigraphy. B, Cambrian palaeogeography. Fig. 1B redrawn after Cocks and Torsvik (2011).
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trilobite taphonomy is the sealing of the specimens
and early silicification, within the microbial mats on
which they lived. This taphonomy though common
in the Ediacaran is unique to the Cambrian and may
only have existed for a short time due the absence of
the mat grazing guild that appeared later in the
Cambrian Explosion.
Methods
Samples were collected during expeditions to SP led
by Harper in 2009 and 2011. Thin (25 lm) double-
polished thin sections, cut perpendicular to bedding,
provided petrographic and textural data. Samples
were studied for texture and composition using opti-
cal microscopy and scanning electron microscopy.
Prior to SEM imaging, all samples were coated with
a ca. 20 nm layer of carbon.
SEM imaging and analysis were carried out using
the Hitachi SU-70 FEG SEM in Durham University
using secondary electron and backscattered electron
detectors at 15 kV. Both primary and secondary
backscatter techniques were used to produce general
images prior to elemental mapping (SEM-EDAX)
and SEM-CL analysis. EDAX was carried out using
the backscatter detector and the same voltage set-
tings used for imaging. For point analysis, a cobalt
standard was run before analysis to confirm quanti-
tative results, and Tables 1 and S2 (See supplemen-
tary information) provide detailed mineralogical
data. This was performed using the QUANT soft-
ware and running the standard several times to
ensure maximum accuracy (100  5%).
SEM-CL (cathodoluminescence) was carried out
using a mirror-type detector (Gatan Mono-CL)
based in Durham University (Department of Phy-
sics). The machine was set to low magnification
with a 10 kV voltage to allow the site of interest to
be determined. The working distance was set to
20 mm and then adjusted as necessary to allow
focusing of the sample. Working distance is then
set to 16.2–16.7 mm and CL luminosities collected.
Results were obtained using both the panchromatic
mode (mono-CL) with both mirrors adjusted to
panchromatic settings and then each colour filter
was inserted one by one (red >600 nm, green
>480–580 nm, and blue <480 nm). For individual
grain studies, mono-CL was used to produce grey-
scale pictures rather than true colour RGB CL. The
former is faster at producing images with textural
details, especially at high magnification (Schieber
et al. 2000). Various studies have been carried out
which show that quartz grains display a variety of
luminescence intensities dependent on their prove-
nance. The standards used were adapted from Seye-
dolali et al. (1997) and Schieber et al. (2000). CL
intensity is dependent on the density of intrinsic
and extrinsic defects within the band gap of the
mineral. These defects are usually structural imper-
fections in the quartz crystal due to vacancies
within the crystal lattice. These include point
defects, translations, radiation damage, shock dam-
age, melt inclusions and fluid inclusions. These
types of defects can provide information on the
conditions during mineralization and subsequent
post-mineralization events such as deformation and
metamorphism (Frelinger et al. 2014). The results
were compared to other quartz CL provenance data
in the literature to identify the luminosities.
Bulk mineralogy was checked using XRD of the
<2l clay fraction following the standard procedures
outlined by Moore & Reynolds (1997). Rock samples
were gently disaggregated in an agate mortar and
pestle to avoid shearing the clays. Organic matter
was removed by leaving the sample in a solution of
5% hydrogen peroxide until reaction ceased. The
sample was then centrifuged at 2000 rpm, before
decanting the supernatant liquid. Distilled water was
then added and the sample was stirred. This was
repeated until the supernatant liquid was neutral
and the clay no longer fluctuated. Separation of clay
fraction and saturation for XRD analysis was carried
out using the following procedure. About 5 ml of
dispersion agent was added and the sample was stir-
red well before centrifuging for 84 seconds at
800 rpm. The supernatant liquid was decanted into
another tube. These steps were repeated until the
sample was clean. Separated clays were then air-
dried and samples placed on coverslips. Samples
were analysed in a Bruker D8 Advance Diffractome-
ter. CuKa radiation counting ranged from 2 to 60°
Table 1. Bulk-rock chemistry (in wt. %) of the low-carbonate Burgess Shale metamudstones (Walcott Quarry, Raymond Quarry and
Tuzoia Beds extracted from Powell 2003) compared with the bulk-rock chemistry of SP.
Wt. % Walcott 1 Walcott 2 Raymond Tuzoia PAAS Sirius Passet
SiO2 53.71 50.34 50.10 50.63 62.8 63.46
Al2O3 24.11 23.32 21.25 24.54 18.90 26.61
K2O 6.75 7.07 4.15 6.15 3.70 4.39
K/Al 0.280 0.303 0.195 0.250 0.196 0.165
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2h with a 0.02° 2h steps at 0.85 seconds per step.
Lower angles were run than in bulk analysis in order
to see low-angle clay peaks. Standard d spacing was
calculated following Moore & Reynolds (1997).
Results
Specimens
Buenellus specimens are preserved complete, in life
position and in 3-D. Two types of preservation are
shown: (1) concave external moulds comprise thin
(<1 mm) veneers of silica (Fig. 2A); and (2) convex
epirelief casts composed predominantly of silicified
microbial mat material (Fig. 2B, C). The microbial
mat occurs as aggregates of hollow, cell-like struc-
tures with only the cell wall mineralized. Two micro-
bial textures are preserved: (1) the sheath, which
consists of small (<5 lm) equidimensional cells and
spherical vesicles up to 2 lm in diameter (Fig. 2D,
E); and (2) tubular or dendritically branching
microbial filaments (Fig. 2F), observed only on the
surface of the fossils.
Sedimentary petrography
The cleavage parallels sedimentary bedding and pri-
mary sedimentary textures are preserved. Two end-
member lithofacies are recognized, a ‘spotted’ and a
silt-rich facies (Fig. 3). The ‘spotted’ facies consists
of structureless to discontinuously laminated phyl-
losilicates containing Al-rich chlorite-mica aggre-
gates that are 10–20 lm in diameter (Fig. 3A, B).
Significantly, outsized clasts of silicified microbial
mat occur infrequently in both the ‘spotted’ facies
and the silt-rich facies (Fig. 3C). The silt-rich facies
consists of clay to very fine silt particles composed
predominantly of phyllosilicates with minor detrital
quartz grains in the silt fraction (Fig. 3D, E). Out-
sized, lenticular mud clasts are present in a few beds
(Fig. 3F). Bedsets are planar and cross-laminated
Fig. 2. High resolution photographs and SEM images. A, Image showing convex external mould of Buenellus; arrows indicate where thin
sections were cut. Scale bar 1 cm. B, Convex epirelief cast of Buenellus; arrows indicate where thin sections were cut. Scale bar 1 cm.
C, BSE SEM image showing matrix and microbial material; arrows indicate where mat material begins. Scale bar 1 cm. D, SE SEM image
showing microbial mat material as aggregates of hollow, cell-like structures with only the cell wall mineralized, scale bar 1 cm. E, High
magnification SEM BSE image showing ‘webbed’ silicified microbial mat structures. F, SEM SE image showing branching microbial fila-
ments growing on the surface of the fossil. Scale bar 100 mm.
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(Fig. 3G), with sharp to gradational boundaries
between coarser and finer layers (Fig. 3H).
Bulk mineralogy
Bulk-rock composition is similar to that of average
shale (Post-Archean Australian Shale (PAAS), but
differs from the Burgess Shale or PAAS in higher
detrital quartz, lower K/Al (0.165, see Supporting
information) and an absence of calcite (Table 1).
The mineral assemblage of chlorite–mica–quartz and
minor/trace of carbon, albite and illite and the
absence of sulphates is found to be stable from upper
sub-greenschist to middle greenschist facies (Powell
C D
E F
G H
A B
Fig. 3. Thin section photomicrographs; SEM and BSE images showing the different facies types. A, High resolution photomicrograph of
a thin section showing the concentration of chlorite-mica aggregates into discontinuous wavy beds (3.4 m from base of log). B, Photomi-
crograph in plane polarized light showing chlorite-mica aggregates of varying sizes (1.12 m above base of log). C, BSE photomicrograph
of silicified microbial mat fragment in the silt rich facies (5.5 m above base of log). D, Photomicrograph of a thin section showing lami-
nated fabric and continuous and discontinuous silt layers (2.62 m from base of log). E, Photomicrograph in plane polarized light showing
lamination picked out by single grain thickness layers of detrital quartz (4.56 m up from base of log). F, Photomicrograph in plane polar-
ized light showing elliptical outsized floating grains of dark mudstone within a matrix of phyllosilicates, quartz, and chloritoid porphyro-
blasts (3.31 m above the base of log). G, Photomicrograph showing planar cross laminated bedsets. H, Photomicrograph of the silt rich
facies showing sharp to gradational boundaries between course and fine layers.
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2003). The absence of carbonate is a consequence of
the sediment having passed through the smectite–il-
lite transition (S-I; below). Abundant chloritoid por-
phyroblasts are indicative of low greenschist facies
metamorphism (Higgins et al. 2001; equivalent to
~10 km burial) and their random orientation rela-
tive to bedding indicates relatively low-pressure con-
ditions or possible formation during retrogressive
regional metamorphism. Chloritoid is represented
by the general formula (Fe,Mg,Mn)Al2SiO5(OH)2
and occurs in high-Al, low-temperature metapelites
(Halferdahl 1961). It is normally formed through
the reaction of pyrophyllite, a phyllosilicate clay and
chlorite-forming chloritoid, quartz and water. Dur-
ing this reaction, any excess silica can be precipitated
as inclusions within the chloritoid. Quartz inclusions
are common in the chloritoid needles and appear as
irregular shaped grains within the needle.
Total organic carbon ranges from 0.5 to 1%.
However, Raiswell & Berner (1986) documented
an exponential loss of organic carbon relative to
vitrinite reflectance in shales. Lower greenschist
facies metamorphism would correspond to a mini-
mum vitrinite reflectance of 5% (Kisch 1987). Pro-
jecting the Raiswell & Berner curve to a greenschist
facies equivalent yields an estimated organic carbon
preservation of 15%. The initial organic carbon con-
tent of the SP would therefore have been >3%, a
value typical for many oil source rocks.
SEM-EDAX
Quantitative elemental mapping across a convex
epirelief cast of Buenellus (Fig. 4A) shows typical
values for Si (84%), Al (11%) and Fe (5%) com-
pared with the matrix (Supporting Information
Tables S1–S3). There is evidence of small framboidal
pyrite associated with the mat material, which is
absent from the matrix (Fig. 4B).
SEM-CL
Panchromatic cathodoluminescence analysis shows
the presence of two quartz phases. Detrital quartz
grains in the matrix exhibit true colour RGB-CL
brown shade of luminescence at around 540–
550 nm (Fig. 4C). Silica in the mineralized mat and
concave external moulds exhibits almost no lumi-
nescence (Fig. 4D). Mono-CL of metamorphic
quartz grains found as inclusions within the chlori-
toid needle shows medium grey luminosity and a
mottled texture (Fig. 4E). These were compared
with individual grains of silica associated with the
fossils, which exhibit no luminosity under mono-CL
and appear black and textureless (Fig. 4D).
Discussion
Marine carbonaceous shales in the Cambrian were
limited to shallow-water regions with turbulent cir-
culation (Raiswell & Berner 1986). The presence in
the SP of normal and reverse grading, scouring
and cross-lamination indicates deposition from
low-density sediment gravity flows at or just below
storm wave base. Cross-lamination suggests sedi-
ment transport by ripple migration. Compacted
mud ripples have been observed as extremely low-
angle cross-lamination in ancient mudstones
(Komarek & Anagnostidis 1986) and are consistent
with sediment transport by mud-laden sediment
gravity flows (Kremer & Kazmierczak 2005). The
presence of oversized clasts in the normally graded
sediment suggests flows had sufficient competence
to transport larger clasts, such as a denser, mud-
rich ‘slurry-flow’, transitional between a turbidity
current and a debris flow (Komarek & Anagnos-
tidis 1986).
The chlorite–mica aggregates in the spotted facies
could have originated as primary detrital grains
modified during weathering and transport or,
formed as the result of diagenetic or metamorphic
minerals mimicking existing sedimentary textures
(see Craig et al. 2009). Aggregates are concentrated
into discontinuous beds. These beds are sharp-
based, normally graded with scour fills and faint
cross-lamination. The aggregates were probably
transported and size-sorted at the seafloor. Normal
grading suggests deposition was from sediment
gravity flows producing successive beds of rapidly
accumulated sediment (Best 2005). The fabric is
primary and the texture produced by metamor-
phism is inherited from a pre-existing sedimentary
texture. Today, aggregates are produced largely by
the activities of organisms living in the water col-
umn (e.g. through filter feeding, faecal pellet pro-
duction, test building) or random collisions
between grains in the water column (McCave
1985). The dense accumulations of pellets suggest
these were originally hemipelagites deposited dur-
ing quiescent periods.
If an average uncompacted thickness of 50 m
(10 m compacted) for the SP and an age span of ca.
3 myr for the interval are taken, then a minimum
average, long-term sedimentation rate of about
15 mm/kyr is realistic. We infer that this high sedi-
mentation rate improved the chance of the fossils
being buried, isolating them from the oxidizing
environment at the seafloor. Given the lack of pene-
trative burrowing, it is likely that pore waters were
already anoxic a few millimetres below the seafloor.
6 Strang et al. LETHAIA 10.1111/let.12174
In modern pericontinental shelves, distance from
shore is a good proxy for water depth. The SP
pericontinental shelf was much wider than modern
analogues (Fig. 5). Due to their distance from shore,
distal, yet shallow-water deposits on wide shelves
may have biological and geochemical characteristics
indicative of deeper-water facies. On very wide
shelves, with sufficiently low seafloor gradients,
incoming waves dissipate their energy well before
reaching the shore (Keulegan & Krumbein 1949).
This may explain why, despite the large fetch
expected from the palaeogeographical setting of SP,
the shallow seafloor would be little subjected to
swell, thereby allowing mud deposition. The seafloor
was also consolidated by mat-forming cyanobacteria
shortly after deposition.
Similar storm-influenced environments are
proposed for the dark grey to black laminated mud-
stones of the Emu Bay Shale (Jago et al. 2012), the
Alum (Thickpenny & Leggett 1987) and Burgess
Fig. 4. A, elemental maps (top left SEM image to show locality of maps) taken across the mat material. Al, Si and Fe maps shown, notice
the abundance of silica. Scale bar – 20 lm. B, BSE SEM image showing framboidal pyrite associated with the mat material. Scale bar
30 lm. C, RGB true colour CL showing brown shades of luminescence in the matrix, above arrows indicate area of mat material which
has a distinctly different luminosity. D, mono-CL image, bottom half of image is matrix, whereas the top shows microbial material.
Grains of non-luminescing silica associated with the fossils have been outlined (dashed line). Scale bar 20 lm. E, mono-CL image of
chloritoid needle. Inclusions of metamorphic silica showing medium grey luminosity are outlined (dashed line). Scale bar 10 lm.
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Shales (Gabbott et al. 2008). In common with the
SP, these deposits also lack penetrative bioturbation,
suggesting anoxic conditions immediately below the
seafloor. The presence of a diverse invertebrate ben-
thos in the SP and an absence of pyrite framboids in
the matrix indicate the lower water column was oxic
with a sharp redox boundary at the sediment–water
interface. Bioturbation is surficial and typically only
occurs in association with generally large arthropod
carcasses (Mangano et al. 2012). Benthic cyanobac-
teria were the dominant photoautotrophic and
oxygenic microorganisms in the SP and could have
produced or enhanced the oxygenated conditions at
the seafloor. However, in extant cyanobacterial mats,
sulphate reduction in the biomass can produce peri-
odic hydrogen sulphide (H2S) emissions above the
mat surface, particularly at night (Jørgensen 1979).
This could have been a major factor impeding the
settlement of benthic organisms on the seafloor. The
mat-dwelling fauna was ephemeral and either able
to escape H2S emissions or had adapted a resistance
to short-lived H2S toxicity. Occasional massive H2S
expulsion from the decaying mats might have led to
mass mortalities of the mat-dwelling community
(see also Weeks et al. 2002).
Microbial mat textures observed on the concave
external moulds, epirelief convex casts and evidence
of microbial mat growing over trilobites (see Man-
gano et al. 2012; fig. 1) indicate that the fauna was
an autochthonous matground community previ-
ously only known from trace fossil evidence (Buatois
et al. 2014).
The dense cellular aggregates comprising the
microbial textures are compared with colonies of
modern coccoid cyanobacteria, particularly with the
exclusively benthic Entophysalis or Chlorogloea (e.g.
Kremer & Kazmierczak 2005). The globular struc-
tures (Figs 2E, 3C) resemble the encapsulated
aggregates of extant benthic coccoid cyanobacteria
Pleurocapsales, particularly Chroococcidiopsis and
Stanieria (Komarek & Anagnostidis 1986; Silva &
Pienaar 2000; Kremer & Kazmierczak 2005). Similar
structures have been documented from the Athel
Silicyte in the South Oman Salt Basin, Sultanate of
Oman by Rajaibi et al. (2015), and provide evi-
dence of microbially mediated syndepositional
precipitation of silica. These genera are known from
freshwater and marine environments, and some
pleurocapsaleans are adapted to low light levels
within the photic zone (Stal & Walsby 2000). Simi-
lar material has been described from the Protero-
zoic (Gehling 1999) and Silurian (Kremer &
Kazmierczak 2005). As cyanobacteria are a morpho-
logically conservative group, SP specimens are
probably part of the same groups.
We propose the arthropod-lobopodian fauna that
characterizes the Sirius Passet inhabited a warm,
muddy, matground habitat close to or just below
storm wave base, but within the photic zone. We
have found no evidence for aeolian deposition of
clay or silt in the field or in our thin sections, in con-
trast to the study by Boudec et al. (2014). Primary
productivity was principally by benthic cyanobacte-
ria. Contemporary shallow subtidal to intertidal car-
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bonate environments had a distinct shelly fauna
including archaeocyathans, halkieriids, tommotiids,
hyoliths, molluscs, rare trilobites, and a variety of
other small shelly fossils of unknown affinity (exam-
ples cited in Mount & Signer 1985). The rapid
appearance in the geological record and ecological
stability of the ‘Burgess Shale-type assemblages,’ over
some 10 million years, suggests that rather than
being long-lived holdovers, successively displaced
from the shallow water (Mount & Signer 1985;
Morris 2009), these animals were members of new
Bambachian megaguilds (groups of organisms with
mutually similar adaptive strategies), highly special-
ized and adapted to the dynamic and unstable nat-
ure of the tropical, muddy lower shoreface and shelf
(Fig. 5).
The three-dimensional preservation of
cyanobacterial structure, the hyporelief external
moulds and particularly the epirelief casts indicate
the trilobite carapace remained intact long enough
for the internal labile tissues to decompose and
the body cavity to be injected with mat material.
Dewatering and compaction occurs during early
burial. Experimental and core studies indicate
porosity in muds is reduced to 33–36% by 175 m
depth. Effective porosity (~70%) is lost by 1 km
depth of burial (Hedberg 1936). At the inferred
sedimentation rates, specimens that had not been
permineralized would have been flattened to one-
third the original volume after 100 kyr–1 myr,
thus providing sufficient time for early silicifica-
tion and critically before the S-I transition
between 1.8 and 3.7 km depth of burial. Major
mineralogical changes with depth take place over
the S-I transition (Hower et al. 1976). The most
abundant mineral, illite/smectite, undergoes a con-
version from less than 20% to about 80% illite
layers over this interval, after which the propor-
tion of illite layers remains constant. As the tran-
sition proceeds, illite packets grow within a
shrinking matrix of smectite, dislocations decrease
and pathways for ion transport are restricted, this
causes a loss of local permeability and a rise in
the fluid pressure gradient. Consequent loss of
hydraulic continuity with the surface and a more
efficient geopressure seals the clay to fluid flow
(Freed & Peacor 1989). In the S-I transition, cal-
cite decreases from about 20 percent of the rock
to almost zero, disappearing from progressively
larger size fractions with increasing depth; potas-
sium feldspar (but not albite) decreases to zero;
and chlorite appears to increase in amount. At
these depths, smectite reacts with Al3+ and K+
from the decomposition of potassium feldspar to
form illite with the release of Si4+. Magnesium
and iron lost from the smectite form chlorite and
ultimately chloritoid. The stable clay mineral
assemblage following the S-I transition is thus
illite, quartz and chlorite. All the major miner-
alogical and chemical changes, as the response to
burial and metamorphism, occurred in a closed
system for all components except H2O, CaO,
Na2O and CO2 (Hower et al. 1976). Reactions
during the S-I transition therefore explain the
absence of calcite in the SP. The remaining reac-
tions into lower greenschist facies metamorphism
include conversion of remaining smectite to illite
(up to ~175 °C) and the recrystallization of illite
to micas (200–300 °C: Totten & Blatt 1993).
The timing of silicification is critical to under-
standing the taphonomic pathway. Silica supersatu-
ration of pore fluids occurred due to the
synsedimentary remobilization of biogenic silica;
from silica released during the S-I transition or
during greenschist facies metamorphism. Our key
evidence for silicification being early, shortly after
death includes the following:
1 The 3-D preservation of moulds and casts and
cellular textures in the microbial mat material
indicate silicification occurred before com-
paction and dewatering of the muds. The obser-
vation that 3-D cells are filled with
monocrystalline quartz preserved within the
cyanobacterial mat material indicates silica
deposition prior to dewatering and compaction.
Because the mat material is porous and the
decay of labile cell contents occurred soon after
death, it is unlikely that internal cell fluid pres-
sure would have supported the primary struc-
tures on burial. Alternately, decay gasses from
decomposition may have formed cavities (Rei-
neck & Singh 1980) that prevented the collapse
of the cells prior to silicification. A similar
mechanism of mineral deposition in gas has
been proposed for the formation of pyrite fram-
boids in muds (e.g. Rickard 1970) and silica
infilling of Tasmanite cysts (Schieber 1996). And
the fact that spherical gas bubbles are found
close to the sediment surface has been docu-
mented by Forstner et al. (1968). Silica deposi-
tion is therefore most likely to have occurred
very early in diagenesis and within centimetres
to decimetres of the sediment–water interface.
At the proposed sedimentation rates for the SP,
this would have been equivalent to a few thou-
sand years of deposition;
2 The presence of synsedimentary rip-up clasts;
3 Microbial mat and convex external moulds are
formed of non-luminescent, textureless silica.
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Non-luminescing authigenic quartz lacks crystal
lattice defects generated during metamorphism or
volcanism (Seyedolali et al. 1997; Augustsson &
Bahlburg 2003; Frelinger et al. 2014);
4 Metamorphic quartz inclusions in the chloritoid
needles exhibit strong luminosity with a smooth
to mottled texture. This is distinctly different
from the silica associated with the fossils; and
5 The fact that chloritoid needles cross-cut all other
textures indicates metamorphism occurred after
silicification.
The presence of very early diagenetic silica deposi-
tion excludes a silica source during the S-I transition
and during diagenetic to low-grade metamorphic
recrystallization of illite to muscovite mica. Further,
the early and largely biogenic porosity within the SP
muds was filled by silica and not calcium carbonate
(compare data from the Wheeler Formation: Gaines
et al. 2005). That chalcedony appears to have been
the initial silica phase deposited in the voids is not
unusual, first documented by Folk & Weaver (1952)
and subsequently in numerous other studies (e.g.
Heath & Moberly 1971; Meyers 1977; Frondel 1978;
Milliken 1979; Noble & Van Stempvoort 1989). The
presence of pyrite framboids in the mat material
indicates sulphate reduction and that pyrite
remained a stable phase through to greenschist facies
metamorphism.
Decay experiments show that silica precipitates
from low-pH pore waters in extracellular and
intracellular environments within a mat (Kraus-
kopf 1959), particularly when the pore fluids have
reduced dissolved sulphate (Birnbaum & Wireman
1985; Schultze-Lam et al. 1995). Soluble silica, in
the form of monosilicic acid, H4SiO4, dissociates
to H3SiO4
 at pH values above ca. 9.7 (Birnbaum
& Wireman 1985; Arp et al. 2003). H3SiO4
 is a
highly soluble form of silicic acid, and it reacts
with hydrogen ions to form SiO2 (Rickert et al.
2002; fig. 3). Silica nucleation and precipitation is
sensitive to iron content of bottom/pore water
and, in early Cambrian seawater, Fe2+ appears to
have been high relative to FeOOH (Muscente
et al. 2014). We hypothesize that sediment–water
was saturated in silica, high in Fe2+ and low in
oxygen and sulphate. Localized pH reduction was
associated with the decay-initiated silica nucle-
ation and precipitation within the mat. Silica-
saturated pore waters could have been derived
from the siliciclastic mud, by remobilization of
biogenic silica (e.g. sponge spicules), or from the
overlying seawater.
Early silicification as a mechanism of exceptional
preservation is rare outside volcanic hot springs and
a number of hypotheses for silicification have been
proposed: (1) direct precipitation into void spaces;
(2) microbial mediated silica precipitation
(Schultze-Lam et al. 1995; Yee et al. 2003); and (3)
chemically mediated silica precipitation (Patward-
han et al. 2011). It has been shown that microbial
surfaces do not directly nucleate silica mineral for-
mation; however, they play an important role in the
aggregation of polymeric silica and the deposition of
silica colloids on microbial surfaces (Patwardhan
et al. 2011). For example, in modern hot spring
environments, silica sinters actively form in close
spatial relation to microorganisms (Yee et al. 2003
and references therein). Decay compounds, proteins
and amino acids are all known to affect the kinetics,
surface area of material, pore structure and particle
size and are therefore implicated in silicification
(Perry & Keeling-Tucker 2003). At present, we can-
not distinguish between the different mechanisms
proposed for silicification and all may have been
important.
Fig. 6. Chemical pathways leading to the precipitation of silica and the reconstructed taphonomy of Buenellus.
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Figure 6 shows our preferred taphonomic path-
way. We propose that Buenellus was the dominant
member of the matground community preserved
in the SP. After death, the carapace was sealed by
the growth of the microbial mat. During early
burial, internal labile tissues decayed, and mat
material was injected into the carcass to produce
epirelief casts. The subsequent decay of the trilo-
bite cuticle produced external moulds. All voids
spaces were progressively infilled by silica as a
consequence of localized pH reduction, associated
with decay, occurring in the pore waters. Speci-
mens were clearly permineralized, preserved in 3-
D, before significant dewatering of the muds had
taken place. Subsequent chemical reactions associ-
ated with the S-I transition and low greenschist
facies metamorphism did not materially affect the
preservation of the specimens.
Similar ‘death mask’ preservation has been
described for the external moulds of soft-bodied
Ediacaran biotas from the uppermost Proterozoic
Rawnsley Quartzite, South Australia. However, in
this example the sole veneer resulted from bacterial
precipitation of iron minerals (Gehling 1999). A
number of Cambrian Lagerst€atten are characterized
by pyritization of soft-bodied fossils, for example
Chengjiang and Guanshan (Gabbott et al. 2004; For-
chielli et al. 2014), secondary coating by iron (e.g.
Emu Bay: Brett et al. 2009), or phosphatization
(Zhu et al. 2014). Silica death mask preservation
thus appears to be currently unique to the SP.
Conclusions
The arthropod-lobopodian fauna that characterizes
the Sirius Passet inhabited a warm, muddy, mat-
ground habitat close to or just below storm wave
base, but within the photic zone. Primary produc-
tivity was principally by benthic cyanobacteria.
Trilobites from the SP are preserved as complete,
concave hyporelief external moulds and convex
epirelief casts. External moulds are shown to consist
of a thin veneer of authigenic silica. The casts are
silicified cyanobacterial mat material. Early silicifi-
cation is supported by the presence of synsedimen-
tary mat rip-up clasts, 3-D preservation, which
indicates silicification prior to sediment compaction
and textural and mono-CL evidence. The growth of
metamorphic chloritoid needles, which cross-cut
the silica in the matrix, indicates that metamor-
phism occurred much later. It is hypothesized that
silicification was initiated by falling pH in the
decaying mat. Pore waters are interpreted to have
been initially alkali, silica-saturated, high in ferric
iron but low in oxygen and sulphate. Excess silica
was likely derived from remobilized biogenic silica,
probably sponge spicules in the muddy sediment.
Decay resulted in a lowering of pore water pH and
the conditions necessary for silicification. It is not
clear whether silicification was microbially or chem-
ically mediated.
The remarkable preservation during very early sil-
ica mineralization provides a new window on the
environment and location of the Cambrian
Explosion. The iconic organisms of the Cambrian
Explosion formed the first mat ground communi-
ties. At least in the case of the SP the presence of
cyanobacterial mats, sealing both the sediments and
fossils, was fundamental to the preservation of this
community. With the rise of mat grazing organisms
during the later Cambrian, this taphonomic window
disappeared.
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 1. SEM and SEM-CL 	  
a. Geochemical data for the two facies types in SP 
See Figure S1 for a graphic log showing distribution of these two facies 
types.  
 
Spectrum 4.56 Na2O MgO Al203 Si02 K20 Fe0 Total 
1 0.00 1.39 44.64 30.04 0.34 23.59 100.00 
2 0.00 0.00 0.49 98.11 0.00 1.40 100.00 
3 0.81 0.73 33.01 56.62 7.88 0.95 100.00 
4 0.00 0.00 9.52 86.65 0.51 3.32 100.00 
5 0.67 1.15 34.65 54.60 7.48 1.44 100.00 
6 0.63 0.46 34.98 54.90 8.41 0.61 100.00 
7 1.01 0.79 29.00 61.87 6.45 0.88 100.00 
Supplementary Table S1.   Results from EDAX (sample 4.56) silt-rich facies converted to oxides using 
INCA processing software 
 
Spectrum 1.12 MgO Al2O3 SiO2 K2O FeO Total 
Spectrum 1 12.79 29.10 30.90 0.26 26.95 100.00 
Spectrum 2 12.53 27.01 30.85 1.03 28.58 100.00 
Spectrum 3 14.03 27.93 31.86 0.57 26.05 100.00 
Spectrum 4 0.00 0.56 97.85 1.16 0.43 100.00 
Spectrum 5 1.19 37.61 50.86 8.74 1.59 100.00 
Spectrum 6 0.69 31.82 58.75 7.46 1.29 100.00 
Spectrum 7 0.00 1.47 97.56 0.42 0.54 100.00 
Supplementary Table S2. EDAX spectra from sample 1.12 m from the spotted facies converted to 
oxides using INCA processing software. 
 
 
 
b. Geochemical data for convex epirelief cast of Buenellus 
 
Spectrum  
Sample 
340.103.a 
Na2O MgO Al203 Si02 K20 Fe0 Total 
1 0.00 0.00 11.29 82.96 0.78 4.97 100.00 
2 0.00 0.63 10.67 82.67 1.69 4.34 100.00 
3 0.00 0.00 12.34 80.01 1.88 5.68 100.00 
4 0.00 0.00 11.78 82.12 2.41 3.69 100.00 
5 0.00 0.00 12.96 84.67 0.93 1.44 100.00 
6 0.00 0.00 14.95 83.70 1.21 0.14 100.00 
7 0.00 0.00 12.45 82.90 0.98 3.67 100.00 
8. 0.00 0.00 0.67 97.34 1.36 0.63 100.00 
Supplementary table S3. EDAX spectra data from the mat material (taken from a cross section through 
an epirelief cast of Buenellu ) from sample 340.103a. Converted to oxides using INCA processing 
software.  
 
 
Figure S1. Graphic log of the Buen Formation at Sirius Passet.  Pink bars indicate thin sections showing 
laminated facies.  Yellow bars are thin sections with “spotted” facies. 
 
 
 
 
 
 c. XRD 
 
  
Figure S2. XRD plot of 2θ against intensity with labels showing normalized peaks for each main clay 
mineral, interpreted using Moore and Reynolds (1997). These data are from sample 0.06 which is the 
‘lozenge rich’ facies.  
 
 
Figure S3. XRD plot of 2θ against intensity with labels showing normalized peaks for each main clay 
mineral, interpreted using Moore and Reynolds (1997). These data are for sample 4.56, the ‘mud-rich’ 
facies. It shows differing intensities for the minerals suggesting the composition, although broadly 
similar, is different due to the initial composition of the rock before metamorphism.  
 
 
 
2. Biostratigraphy, and depositional environment 
a. Biostratigraphical framework 
 
Acritarchs and olenelloid trilobites have been recovered from the informal 
member of the Buen Formation, the “Transitional” Buen, in Peary Land, and they 
broadly constrain the stratigraphical position of the lower Buen Formation to 
Cambrian Stage 3 (Babcock and Peel, 2007). Acritarchs are indicative of the 
Heliosphaeridium dissimilare–Skiagia ciliosa Biozone and perhaps the Volkovia 
dentifera–Liepaina plana Biozone as used in the Eastern European Platform and 
Baltoscandinavia (Moczydłowska and Vidal, 1986; Vidal and Peel, 1993). The 
biozones correlate approximately with the Holmia and Protolenus trilobite biozones 
[sensu (Geyer and Shergold, 2000)] indicative of Cambrian Series 2 (Babcock, 2005). 
The Holmia Biozone correlates to the upper part of Cambrian Stage 3 and the lower 
part of Stage 4 and the Protolenus Biozone correlates to Stage 4 as presently 
conceived (Babcock and Peel, 2007). The occurrence of the olenelloid trilobites 
Olenellus hyperboreus and O. svalbardensis in the upper Buen Formation indicates 
the Olenellus Biozone of Laurentian usage (Blaker and Peel, 1997)  The Olenellus 
Biozone belongs to the provisional Stage 4 of the Cambrian (Babcock, 2005).  Its 
base is historically regarded as the base of the Dyeran Stage of Laurentian usage 
(Palmer, 2011) and correlates approximately with the onset of the Mingxinsi Carbon 
Isotope Excursion [MICE:(Zhu et al., 2006)]. 
 
Buenellus higginsi is the most common macrofossil in the “Transitional” Buen 
at Sirius Passet and provides a biostratigraphical age. This species is included within 
the family Nevadiidae and its presence is indicative of the Nevadella Biozone as used 
in Laurentia (Blaker and Peel, 1997; Blaker, 1988). This biozone correlates to the 
middle part of provisional Stage 3 (the lowest stage of the provisional Series 2) 
(Babcock et al., 2005). Historically, the Nevadella Biozone has been assigned to the 
upper part of the Montezuman Stage as used in Laurentia (Palmer, 2011). Sirius 
Passet has been correlated with the Chengjiang and Guanshan Lagerstätten from 
South China which are temporally related to the Cambrian Arthropod Radiation 
(CARE) isotopic excursion (Zhu et al., 2006). Within biostratigraphical uncertainty 
the “Transitional” Buen is older than the Buen Formation s.s. in southern Peary Land. 
 
 
b. Depositional environment 
 
The presence of a diverse invertebrate benthos in Cambrian Konservat-
Lagerstätten indicates the overlying water column was oxic with a sharp redox 
boundary at the sediment-water interface.  Bioturbation is surficial and typically only 
occurs in association with generally large arthropod carcasses (Mangano et al., 2012).  
Cyanobacteria are photoautotrophic and oxygenic microorganisms and could have 
produced the oxygenated conditions at the seafloor.  However, in extant 
cyanobacterial mats, sulfate reduction of the biomass can produce hydrogen sulfide 
(H2S) emissions above the mat surface, particularly at night (Jørgensen, 1979). 
Periodic high levels of H2S could have been a major factor impeding the settlement of 
benthonic organisms on the seafloor. Either the mat dwelling fauna was ephemeral 
and able to escape H2S emissions or had adapted a resistance to H2S toxicity. 
Occasional massive sulfide expulsion from the decaying mats might have led to mass 
mortalities of the mat dwelling community [cf. (Weeks et al., 2002)].   
 
It appears that normal marine carbonaceous shales in the Cambrian were limited 
to shallow-water regions with turbulent circulation (Raiswell and Berner 1986). 
Negative δ13C values commonly associated with Cambrian black shale deposition 
indicate either: (1) export production was low due to the removal of phosphorous into 
deep-water brines and nitrate by expansion of nitrate-reducing bacteria in association 
with an expanded oxygen minimum zone (Brasier, 1992), or (2) extensive 
fractionation by sulphate reducing or methanogenic bacteria (Codispoti 1989) The 
latter is supported by widespread positive δ34S during black shale deposition and 
relatively low C/S, which are both indicative of a major expansion of the sulphate-
reducing biotope (Raiswell and Berner 1986). 
 
We propose the arthropod-lobopdian fauna that characterizes the Sirius Passet 
inhabited a warm, muddy, matground habitat close to or just below storm wave base, 
but within the photic zone. Primary productivity was primarily by benthonic 
cyanobacteria.  Contemporary shallow subtidal to intertidal carbonate environments 
had a distinct shelly fauna including archaeocyathans, halkieriids, tommotiids, 
hyoliths, molluscs, rare trilobites, and a variety of other small shelly fossils of 
unknown affinity [examples cited in (Mount and Signer, 1985)].  The rapid 
appearance in the geological record and ecological stability of the “Burgess Shale-
type assemblages,” over some 10 million years, suggest that rather than being long-
lived holdovers, successively displaced from the shallow water (Mount and Signer, 
1985; Morris, 2009), these animals were members of new Bambachian megaguilds 
(groups of organisms with mutually similar adaptive strategies), highly specialized 
and adapted to the dynamic and unstable nature of the tropical, muddy lower 
shoreface and shelf. 
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The Sirius Passet Lagerstätte of North Greenland contains
the first exceptionally preserved mat-ground community
of the Cambrian, dominated, in terms of abundance, by
trilobites but particularly characterized by iconic arthropods
and lobopods, some also occurring in the Burgess shale.
High-resolution photography, scanning electron imaging
and elemental mapping have been carried out on a
variety of specimens of the non-mineralized arthropod
Campanamuta mantonae (Budd 2011 J. Syst. Palaeontol. 9,
217–260 (doi:10.1080/14772019.2010.492644)) which has three-
dimensional gut and muscle preservation. Results show that
the guts contain a high concentration of calcium phosphate
(approximating to the mineral francolite), whereas the adjacent
muscles are silicified. This indicates a unique, tissue-specific
taphonomy for this Cambrian taxon. We hypothesize that the
precipitation of calcium phosphate in the guts occurs rapidly
after death by ‘crystal seed’ processes in suboxic, slightly
acidic conditions; critically, the gut wall remained intact during
precipitation. We postulate that the calcium phosphate was
derived from ingested cellular material. Silicification of the
muscles followed as the localized water chemistry became
saturated in silica, high in Fe2+, and low in oxygen and sulfate.
We document here the unique occurrence of two distinct but
mechanistically similar taphonomic pathways within a diverse
suite of possibilities in an Early Cambrian Lagerstätte.
1. Introduction
The fossil record offers us invaluable insights into important
intervals in the history of life. The record is however
generally biased by poor preservation, and even in exceptionally
preserved specimens from fossil Lagerstätten, there is potential
for key traits to be removed by decay. Sites that can be
demonstrated to have very early, soft tissue preservation not only
provide insights into taphonomic processes, but are also critical
for reconstructing ancient communities and phylogenies [1].
2016 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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This becomes particularly important when considering the very earliest radiations of bilaterian animals
during the Cambrian explosion and hypotheses of likely ancestors in the Ediacara biota. A list of elements
of the Sirius Passet (SP) fauna is provided by Peel & Ineson [2].
The Lower Cambrian black shales of SP, North Greenland preserve the oldest known examples of
soft-bodied fossils from the Cambrian explosion together with more typical Cambrian skeletal animals.
These include trilobites, other arthropods, lobopods, halkieriids and sponges [3]. The fauna is broadly
similar to that found in the younger Burgess shale [4]. SP is located in J. P. Koch Fjord, N. Greenland, at
82°47.6′ N, 42°13.7′ W and during the Cambrian lay at approximately 10° S [2]. The locality was included
in the ‘transitional’ Buen, and the fauna represents the earliest Cambrian community with exceptional
preservation together with evidence for microbial mats, predating the Burgess shale by 10 Myr [2].
Buenellus higginsi is the most common macrofossil, indicative of the Laurentian Atdabanian/Botomian
boundary, at the top of stage 3 to the base of stage 4, occurring between 511 and 521 Myr. However,
precise correlation of the unit remains a subject of debate. The detailed petrography, mineralogy and
metamorphic history were described by Strang et al. [5], and these properties are only outlined here.
The shales are a poorly sorted mix largely consisting of quartz (60–65%), clay minerals, chloritoid
porphyroblasts (indicating low P/T greenschist facies metamorphism) and silicified microbial mat
material. A detailed description of the depositional environment, dating and metamorphic history has
recently been presented [5].
The SP exhibits a diversity of taphonomic pathways; for example, the trilobites from the SP
are preserved as complete, concave hyporelief external moulds and convex epirelief casts. External
moulds are shown to consist of a thin veneer of authigenic silica. The casts are composed of silicified
cyanobacterial mat material. Early silicification is supported by the presence of synsedimentary
mat rip-up clasts, three-dimensional preservation, which indicates silicification prior to sediment
compaction and textural and mono-CL evidence. The growth of metamorphic chloritoid needles,
which crosscut the silica in the matrix, indicates that metamorphism occurred much later. Silicification
was initiated by falling pH in the decaying mat. Pore waters are interpreted to have been initially
alkali, silica-saturated, high in ferric iron but low in oxygen and sulfate. Excess silica was likely
derived from remobilized biogenic silica, probably sponge spicules in the muddy sediment. It is not
clear whether silicification was microbially or chemically mediated. The presence of cyanobacterial
mats, sealing both the sediments and fossils was however fundamental to the preservation of
this community.
Campanamuta mantonae [6] is also a common arthropod in the SP fauna and is non-mineralized.
Approximately 1700 specimens have been reported to date [6]. Specimens are flattened but preserve
three-dimensional axial traces, including gut tracts, diverticulae and muscle tissue [6]. The parts
and counterparts often show different anatomical details in the axial region and sometimes exhibit
cavities [6]. Distinguishing whether these cavities are the original anatomical features of the organism
or are voids left by the later decay of soft parts or minerals is hard to determine. Budd [6] argued
that the fossils are mostly (or completely) replacements of the original tissues, rather than preserved
as moulds [6]. In this paper, we describe the taphonomy of these specimens and propose a taphonomic
model for elements of the SP that enhances in some respects closer comparison with Lagerstätten from
the Neoproterozoic than those from the Late Cambrian. The preservation of gut contents also allows for
an interpretation of the mode of life of C. mantonae.
2. Material and methods
2.1. Specimens
The numbered specimens (MGUH 31567–31572) including thin sections are reposited in the Natural
History Museum of Denmark (Geological Museum), University of Copenhagen. Budd [6] described the
anatomy of C. mantonae in considerable detail. It is a relatively large arthropod (mean length approx.
65 mm and width 35 mm) comprising three segments, with a smooth exoskeleton and a semicircular
cephalic shield. The main morphological features are illustrated in figure 1. The external morphology is
not well preserved. The only preserved internal anatomy is situated in the axial region and consists of
the main digestive structures (figure 1). In rare specimens, the outline of the stomach can be identified,
situated anteriorly in the cephalon. The gut tract extends posteriorly where it terminates at the anus.
The triangular diverticulae are paired not only on either side of the gut, but also extend down towards
the anus (figure 1).
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Figure 1. Diagram shows the main features, appendages and internal anatomy of Campanamuta mantonae. Photo inlay is a specimen
of C. mantonae (MGUH 31567) that shows the gut tract and diverticulae which are most readily preserved. Specimen is 2 cm wide.
2.2. Analysis
High-resolution photography was carried out on four samples of C. mantonae using a digital Cannon
5D mark III. Specimens were photographed, using low incidence lighting (directed from the NW).
Contrast and saturation of the images were then then edited using Adobe PHOTOSHOP and Adobe
ILLUSTRATOR CS3 to reveal the best outlines of the preserved anatomy. Line drawings were constructed
from photographs and camera lucida images. Specimens were carbon coated prior to scanning (approx.
20 µm thickness). This was undertaken, using the Hitachi SU-70 FEG SEM Facility (Department of
Physics, Durham University). The machine was operated at 12 kV and with a current density of 46 µA.
SEM-EDAX analysis was carried out using the backscatter detector and the same voltage settings used
for imaging. For point analysis, a cobalt standard was run before analysis to provide quantitative
results, analysed using QUANT software and running the standard several times to ensure maximum
accuracy (100 ± 5%). SEM-cathodoluminescence (CL) was carried out using a mirror-type detector
(Gatan Mono-CL). The machine was set to low magnification with a 10 kV and CL luminosities collected,
using each colour filter (red> 600 nm, green> 480–580 nm and blue< 480 nm) and a panchromatic lens.
Quartz grains display a variety of luminescence intensity dependent on their provenance. The standards
used were adapted from Seyedolali et al. [7]. CL intensity is dependent on the density of intrinsic and
extrinsic defects within the band gap of the mineral. These defects are usually structural imperfections
in the quartz crystal owing to vacancies within the crystal lattice and can provide information on the
conditions during mineralization and subsequent post-mineralization events such as deformation and
metamorphism [8].
3. Results
In specimens with digestive structures preserved, usually there is only limited preservation of the outer
appendages. The area of the specimens outside the axial region is visible as a thin, dark film of silica.
When preserved, bundles of muscle fibres adjacent to the digestive tract are yellow in colour and have
three-dimensional relief. The muscle fibres track transversely and outwards from beside the diverticulae
towards the thoracic tergites (figure 1) and exhibit well-preserved, oblique, micrometre-scale striations
(figure 3a).
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Figure 2. SEM and BSE images of the phosphate contained in the gut of C. mantonae. (a) SEM image of a cross section taken through a
sample of C. mantonae (MGUH 31568), light grey material is phosphatized. Small pyrite framboids can be seen. Scale bar, 50 µm. (b) BSE
image showing spherical texture of phosphate nodules in sample MGUH 31569. Scale bar, 100 µm. (c) Higher magnification SEM image
shows spherical phosphate interpreted as possible microbial moulds. Scale bar, 20µm (MGUH 31569). (d) High-resolution SEM image
showing a pyrite framboid within the phosphate clusters. Scale bar, 10µm (MGUH 31569).
Table 1. EDAX data for phosphatized regions in sample SP0511. Data given in %.
spectrum Al Si P Ca Fe O
spectrum 1 1.90 0.00 21.34 20.04 0.00 56.36
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
spectrum 2 0.00 5.96 23.09 16.91 1.30 52.74
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
spectrum 3 0.67 1.42 19.67 36.18 0.00 42.06
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
spectrum 4 1.74 3.94 31.17 17.19 5.28 40.67
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The gut of C. mantonae is a broad tube-like structure, which runs down the central axis, terminating at
the anus (see also [6, fig. 1]). In the cephalic region (figure 1), the digestive tract consists of a sclerotized
oesophagus which leads into the stomach, situated behind the head. The diverticulae are segmented and
paired and open out from the gut [6, fig. 1]. The anus is clearly defined by a ring of plates [6, fig. 5a,b].
Three-dimensional gut traces contain high concentrations of calcium phosphate (Ca3(PO4)2; table 1)
approximating to the mineral francolite. There are some traces of Si, Al and Fe but these are very minor
and probably derived from the matrix. Phosphatization extends along the entire gut tract to the anus. The
phosphatized areas have a sponge-like texture composed of small (less than 5 µm in diameter) spheres
(figure 2b,c) organized into layers (figure 2a). The layers commonly contain small (less than 10 µm) pyrite
framboids. There is no visible evidence for preserved biological material or sediment grains. In thin
section, the boundary between the gut trace and the sediment below is sharp; there is no evidence in
either hand specimen or thin section of preserved cuticle.
EDAX data confirm that muscle fibres are composed of finely microcrystalline silica (table 2) with
very minute traces of Mg, possibly derived from the surrounding matrix. The preservation of these is
relatively unvaried and forms distinct aligned blocks of muscle fibres, arranged in situ. The outer surfaces
have a spherulitic texture at the micrometre scale (figure 3a). An approximately 5 µm thick layer of silica
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Figure 3. SEM, BSE and SEM-CL images of the silicified muscle tissue. (a) BSE image shows silicified muscle tissue. Scale bar, 20µm
(MGUH 31568). (b) SEM image ofmuscle tissue shows fibrous nature and small spherical nodules of silica. Scale bar, 20 µm(MGUH 31570).
(c) BSE image showing truncated silicifiedmuscle tissue. Scale bar, 20µm (MGUH 31571). (d) SEM-CL image showing lowmonotone grey
luminosity of the silica in the muscles, indicating similar formation conditions as that found in Buenellus [5] (MGUH 31572).
Table 2. EDAX data for silicified regions in sample SP0511. Data given in %.
spectrum Mg Si O
spectrum 1 3.09 43.65 53.26
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
spectrum 2 2.30 46.74 53.26
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
spectrum 3 2.28 44.98 52.74
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
spectrum 4 1.37 45.68 52.95
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
occurs at the edges of the phosphatized region (figure 2a). SEM-CL indicates the silica has very low
luminosity with no distinct colour under both monochromatic filter and RGB filters (figure 3d).
4. Discussion
The key drivers of decay are autolysis and microbial activity, and the latter is a key mediator in autogenic
mineralization of soft tissues [9]. Microbial communities have the highest surface area to volume ratio
of any group of living organisms and this combined with the abundance of charged chemicals and
molecules on their surface makes them ideal environments for mineral nucleation and precipitation [10].
The gut traces in C. mantonae are preserved almost exclusively as francolite. The preservation of the
three-dimensional structure indicates early mineralization prior to the compaction/collapse of the gut.
Three-dimensional preservation of the gut is also commonly observed in a variety of taxa from Cambrian
(and younger) Lagerstätten, indicating the gut is the most readily preserved internal structure. Examples
include the Burgess shale arthropod Leanchoilia, Odaria, Canadaspis, Perspicaris, Sidneyia, Anomalocaris
and Opabinia which all possess phosphatized midgut structures in their axial region [11,12]. Myoscolex,
an Early Cambrian arthropod from the Emu Bay shale, is described as having only its trunk muscles
phosphatized, which is in stark contrast to the preservation in the SP [13]. Phosphatized muscles are
also found associated with hard parts in the Mesozoic, such as the muscle tissue in the horseshoe
crab Mesolimulus [14] and preservation of muscles in phosphate from the Konservat-Lagerstätten in
Lebanon [15].
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The close proximity of distinct tissues with distinct taphonomies is extremely unusual. Experimental
decay studies of modern brine shrimp Artemia indicate chemistry of the gut contents and the presence
of endogenous bacteria are the key factors in creating a unique microenvironment in which the gut is
preserved [9]. The nature of the preservation of the surrounding tissues is dependent on whether the gut
wall remains intact. If the gut ruptures, the endogenous microbes leak into the body cavity where they
control the tissue preservation through mineral templating [9]. In the C. mantonae specimens from the
SP, only the gut is phosphatized, and the remaining axial tissues and structures are preserved as silica
replacement. This would indicate the gut wall remained intact and that endogenous bacteria remained
within the gut and were responsible for the preservation of the gut.
Phosphatization and silicification occur under markedly different environmental and chemical
conditions [16]. Phosphatization is widely recognized in the preservation of soft tissues [10,17]. There are
two sources of phosphate: (i) from the breakdown of organic matter during bacterial sulfate reduction
and (ii) phosphate can also be released from absorption sites on ferric oxyhydroxide, during reduction of
the iron (Fe3+> Fe2+ [18]). Phosphatization occurs predominantly in a suboxic environment within the
upper few centimetres of the sediment [19], at lowered pH induced by decaying organic matter and with
sufficient time under these conditions, free from scavengers [17,20].
Decay experiments have shown that the digestive and other internal organs of marine arthropods
are particularly prone to rapid decay (2–3 days) and liquidation under open, aerobic conditions at
room temperature [9,21]. Butler et al. [9] also showed that the carcass of the brine shrimp was rapidly
consumed (2–3 days) by endogeneous, gut-derived microbes and pervasive phosphatization of the
internal tissues occurred following the rupture of the gut wall. Decay rarely lasts longer than one
month [22]. By inference, the three-dimensional preservation of the guts in the C. mantonae specimens
must have started very early after the death of the organism when the gut wall remained. The
precipitation of calcium phosphate is favoured over calcium carbonate under slightly acidic marine
conditions [20].
Both sulfide-oxidizing bacteria (SOB) and sulfate-reducing bacteria (SRB) have been implicated
in the precipitation of phosphate in the marine environment [13,14,23,24]. SOB are able to store
polyphosphate under oxic conditions, this polyphosphate being used as an additional energy
source [25]. Examples of SOB include Thioploca, Beggiatoa and Thiomargarita, and these taxa are
major components in the benthic sulfur cycle, where they reoxidize sulfide ([26] and references
therein). SRB facilitate phosphate precipitation by increasing the phosphate concentrations in
pore waters through the decay of organic matter. Degradation of organic matter by SRB is a
predominantly anaerobic process, where supersaturation with respect to phosphate is commonly
reached [26]. The presence of pyrite framboids within the phosphate supports the role of SRB
in the release of PO4− from the organic gut contents, from either ingested seawater or iron-
rich sediment (see also [11]). We have no evidence from imaging for the presence of sediment
particles within the gut material and conclude the phosphate was derived from ingested organic
material. Furthermore, the absence of phosphate in the rock matrix also suggests it came from an
internal source.
The molecular initiation and aggregation of silica plays a major role in biosilicification and the
presence of proteinaceous material resulting from decay [27]. In microbially mediated silica precipitation,
it has been shown that microbial surfaces do not directly nucleate silica mineral formation; however,
they play an important role in the aggregation of polymeric silica and the deposition of silica colloids on
microbial surfaces, for example in modern hot spring environments, silica sinters actively form in close
spatial relation to microorganisms ([28] and references within). In the former, direct precipitation of silica
into void spaces is the likely scenario in the SP [5]. Sedimentary factors that control silicification are the
permeability of sediment, silica availability (both in the pore waters and sediment) and the concentration
of organic matter ([29] and references therein; [30]). Silica-rich pore waters were likely derived from
remobilization of biogenic silica from sponge spicules [5]. Soluble silica, in the form of monosilicic acid,
H4SiO4, dissociates to H3SiO4– at pH values above ca 9.7 [31,32]. H3SiO– is a highly soluble form of silicic
acid, and it reacts with hydrogen ions to form SiO2 [33, fig. 3].
Silica precipitation is sensitive to the iron content of bottom/pore waters and in Early Cambrian
seawater and Fe2+ appears to be high relative to FeOOH [16]. Unlike the trilobite specimens, silicification
in the non-mineralized C. mantonae is restricted to the muscles. Muscle tissue in modern arthropods is
composed of actin and myosin [34] and it is likely that muscle tissue in extinct arthropods had a similar
composition. While the involvement of microbes in silica precipitation cannot be directly excluded,
more extensive mineralization of all the tissues might be expected. Alternatively, the arrangement
of muscles into micrometre-scale fibres provides an excellent substrate for silica precipitation, as it
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Figure 4. Schematic model shows the preferred taphonomic pathway of non-mineralizing C. mantonae (right) compared with that of
mineralizing Buenellus (left).
creates a large surface area comprising the reactive proteinaceous and amino acids necessary for initial
silica aggregation [29]. Three-dimensionally preserved internal organs have also been documented from
the Burgess shale in the Stephen formation (Cambrian) [11] annelids from the Cretaceous Konservat-
Lagerstätten of Hakel and Hjoula, Lebanon [15], the Guizhou Province in South China (see [12,35]) and
are also associated with flattened hard parts, interpreted as a result of syndiagenetic microbial decay.
5. Taphonomic pathway
Figure 4 shows the proposed taphonomic pathway and compares this to that proposed for the
mineralized trilobite Buenellus. The precipitation of two distinct mineral phases in the gut and axial
muscle fibres of C. mantonae indicates the formation in different and isolated microenvironments along a
redox gradient. Phosphatization of the gut contents occurred in slightly acidic, suboxic conditions, under
the control of endogenous SRB, within days of death and therefore at the seafloor. The three-dimensional
preservation indicates of the gut trace was fully permineralized before specimen collapse during decay,
burial and sedimentary compaction. Silicification of the adjacent muscle fibres occurred in the presence
of silica-saturated pore waters with a pH around 9.7 within the microbial mat.
The relative timing of these two processes is not easily constrained. That both tissues are preserved
in three dimensions suggests both were mineralized early during decay. Postmortem sealing of the
specimens by cyanobacterial mats has been hypothesized as a mechanism for rapid sealing of the
specimens from decay and predation, resulting in a localized pH environment suitable for controlling
the silicification of the mineralized trilobites in the SP [5]. It is possible that silicification was initiated
once the specimens became entombed in the decaying microbial mat and this would have provided the
necessary conditions for decay-related reduction in pH> 7 [5,31].
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6. Gut morphology and ecological implications
Well-preserved digestive systems in Cambrian arthropods display a variety of biserial midgut glands,
from simple bunch-like or lobe-like digestive glands to complex branching features [36]. This suggests
that, like their modern relatives, these arthropods ingested phosphate from their food sources [36].
C. mantonea possessed a relatively complex gut consisting of a tube-like structure which runs down
the central axis of the animal (figure 1) [6, fig. 5a,b]. Paired leaf-like diverticulae are attached to the
midgut and provide evidence that C. mantonea would have been able to process and digest more complex
food sources, such as smaller arthropods. In living branchiurans, the diverticulae are used to store food
prior to enzymatic breakdown and the absorption of nutrients in a rich but infrequent diet [11,36]. The
evolution of more complex guts with digestive glands work by allowing the animal to increase the
efficiency of food processing by increasing the surface area between nutrients and epithelial tissues, thus
allowing larger particles to be consumed which, in turn, would have enabled them to uphold the energy
demands of a more active and predatory lifestyle [36]. The ability to process larger food particles would
have been clearly advantageous for active Cambrian arthropods. Unlike their modern counterparts, early
Cambrian arthropods do not possess a large array of differentiated appendages used for capturing and
breaking up prey [36]. C. mantonae only appears to have possessed long, slender antennae [6] (figure 1)
which would have acquired a sensory function. The antennae only protruded a short distance from the
anterior shield margin, as most of their length is hidden under the shield [6]. Protection by the shield
may be the reason for antennae being the most readily preserved appendage of this animal. Evidence
that other trilobites grazed the microbial mat [5] and the lack of sediment particles in the gut suggest
that C. mantonae may have been consuming other smaller arthropods, which would have provided a rich
source of phosphate. It would appear predators, in significant numbers, occupied both the benthos and
nekton in the Early Cambrian.
7. Conclusion
Detailed micrometre-scale analysis of the distribution of phosphate and silica in relation to the internal
morphological structure of the soft-bodied arthropod C. mantonae from SP indicates a complex tissue-
specific preservation of internal structures. The guts contain a high concentration of calcium phosphate
(approximating to francolite), whereas the adjacent muscles are silicified. We hypothesize that the
precipitation of calcium phosphate in the guts occurs rapidly after death by ‘crystal seed’ processes
in suboxic, slightly acidic conditions; critically, the gut wall remained intact during precipitation.
We postulate the calcium phosphate was derived from ingested organic material. Silicification of
the muscles followed as the localized water chemistry became saturated in silica, high in Fe2+,
and low in oxygen and sulfate. These modes of preservation indicate a diversity of taphonomic
pathways in faunas, chronostratigraphically intermediate between the Neoproterozoic Ediacara biota
and the Middle Cambrian Burgess shale. The absence of sediment particles in the gut suggests that
C. mantonae was either a scavenger or predating smaller arthropods.
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